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1.1 Shelf-life of food products 

In order to be able to feed a growing world population with sufficient food, the stability of 

these foods is of great importance, since it determines their shelf-life, and through that also 

the amount of food that is wasted. Often, the shelf-life is determined by microbial effects, 

which are mostly controlled through heat treatment to reduce the total bacterial load, and 

that of pathogens. The next effects that start hitting in are physical and chemical instability, 

leading to loss of structure and development of off-flavors that make the food unacceptable 

from a consumer point of view.  

A special class of food products that are susceptible to both physical and chemical 

instabilities are those that contain oil droplets dispersed in a continuous phase, i.e., oil-in-

water (O/W) emulsions. There is a large range of natural or processed food products that 

fall within this class. In such systems, droplets tend to cream or sediment depending on the 

density ratio used, to flocculate, to coalesce, and in very specific cases they may be prone 

to Ostwald ripening. Some of those physical destabilization phenomena can be prevented 

with the use of emulsifiers, of which common examples in foods include surfactants and 

animal-derived proteins.  

Chemical destabilization, in particular oxidative deterioration of lipids, is another major 

concern in food emulsions, especially when they contain health-promoting polyunsaturated 

fatty acids. To mitigate lipid oxidation, synthetic antioxidants, such as butylated 

hydroxytoluene, butylated hydroxyanisole, ethylenediaminetetraacetic acid, and ascorbyl 

palmitate, are often used. However, in the past decade, a strong tendency toward using 

food ingredients that are natural and sustainable has emerged. This has led to the use of 

plant-based ingredients that unfortunately are not as functional as components that were 

standardly used till 10 years ago, especially when subjected to heat treatment during food 

processing.  

9
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Still, plant proteins are an interesting class of components to consider, both for physical and 

chemical stability issues, especially because they can be modified using mild methods that 

can be applied either prior to, or during food production. In this thesis, we focus on the 

potential of Maillard reaction products (MRPs) from plant proteins and carbohydrates that 

are either prepared in model systems or stem from coffee. As described later, if these 

components nest in the oil-water interface they may act as emulsion stabilizers, and if they 

have antioxidant properties, this may lead to a dual functionality imparting both physical 

and oxidative stability to emulsions. 

1.2 Physical stability of emulsions and emulsion stabilizers 

Emulsions are usually formed by homogenization, leading to very fast droplet generation. 

To facilitate droplet formation, emulsifiers are used that amongst others decrease the 

interfacial tension. Food emulsifiers include low molecular weight emulsifiers (often 

referred to as surfactants) and amphiphilic biopolymers (Figure 1.1). Surfactants are small 

molecules consisting of a hydrophilic head and a hydrophobic tail, which can rapidly adsorb 

to the surface of the newly formed droplets and form a monolayer interface with a high 

surface load. Amphiphilic biopolymers (e.g., proteins and some polysaccharides) have both 

polar and nonpolar groups distributed along their backbone. After adsorbing to the 

interface, they generate steric and electrostatic repulsion between droplets, and form 

elastic layers by intermolecular interactions, when given sufficient time.  

Dairy proteins have been successfully and extensively used as emulsifiers; however, due to 

their impact on the planet (water usage, greenhouse gas emissions), there is a need to partly 

or fully replace them e.g., with plant proteins (e.g., soy proteins and pea proteins), or with 

particles that are known to be able to very effectively stabilize oil-water interfaces, by 

nesting at the interface when they have appropriate wettability that keeps them in that 

position, and opposes Brownian diffusion that would carry them away from the surface 

(Berton-Carabin & Schroën, 2015; McClements, 2015). 

10
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Figure 1.1. Schematic representation of adsorbed surfactants, amphiphilic biopolymers, 

and particles at the oil-water interface (not to scale). 

All emulsions are prone to physically destabilize when given sufficient time (Figure 1.2). In 

brief, emulsions tend to separate gravitationally (creaming or sedimentation) because of 

the density differences between the oil and water phases. The viscosity of the continuous 

phase can be modified by the use of thickening agents, thus slowing down droplet creaming 

/sedimentation or even forming a gel (gelling agent) that effectively puts a hold on 

creaming/sedimentation. Flocculation occurs when attractive forces exceed repulsive 

forces between droplets. In contrast with flocculation where droplets do not merge, 

coalescence occurs when the interfacial films between two droplets break due to 

insufficient surface coverage. The speed of surface coverage is determined by the mass 

transfer conditions in the device, which are co-determined by amongst other the shear rate 

and viscosity of the continuous phase. In general, surface active components reduce or even 

prevent coalescence by steric and electrostatic effects. A higher continuous phase viscosity 

has opposite effects; it reduces mass transfer to the interface, and at the same time reduces 

film thinning and thus the chance of film rupture leading to coalescence. To be complete, 

Ostwald ripening usually does not occur in food O/W emulsions because the solubility of 

triacylglycerols in water is negligible (McClements, 2005). 

11
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Figure 1.2. Schematic representation of different physical destabilization phenomena in oil-

in-water emulsions. 

1.3 Oxidative stability and the role of emulsifiers in lipid 

oxidation 

Lipid oxidation is a cascaded radical reaction consisting of initiation, propagation, and 

termination (see Figure 2.2 in the next chapter), which causes quality deterioration in food 

emulsions. It is generally described as a free radical chain reaction that involves unsaturated 

lipids (or trace hydroperoxides), oxygen, and hydrophilic pro-oxidants (e.g., transition 

metals, free radicals) in O/W emulsions. It is generally accepted that lipid oxidation is 

initiated at the oil-water interface (Berton-Carabin et al., 2014; Laguerre et al., 2020). For 

this reason, food scientists have been interested in using the interface to improve the 

oxidative stability of emulsions, and in doing so, also opportunities to create physical 

stability may arise. 

12
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An effective strategy is the use of antioxidant emulsifiers that adsorb at the oil-water 

interface (McClements & Decker, 2018). Proteins (such as whey proteins, soy proteins, and 

egg proteins) that possess antioxidant activities (e.g., free radicals scavenging and transition 

metals chelating activities) are interesting components, since they comply with clean-label 

requirements (Gu et al., 2017; Shao & Tang, 2014; Villiere et al., 2005). Furthermore, 

recently, a number of Pickering particles with antioxidant activity have been successfully 

used; examples include milled red rice particles, matcha tea powder, spinach leaf powder, 

kafirin nanoparticles, and colloidal lipid particles (Lu & Huang, 2020; Schröder et al., 2020, 

2021; Xiao et al., 2015).  

In this thesis, we make use of another alternative: chemically linked compounds that can 

either be made on purpose, or inherently present in certain foods. For instance, glycated 

proteins formed by conjugating proteins to carbohydrates via the Maillard reaction can be 

used to stabilize emulsions, and do this better than proteins alone (Karbasi & Madadlou, 

2018; Nooshkam et al., 2019). Examples of such Maillard reaction products to act as dual-

functional ingredients in emulsions are reviewed in Chapter 2. Later in the thesis, we use 

these components not only as interface stabilizers, but also add them to the continuous 

phase to thus influence either chemical or physical emulsion stability, and in some cases 

even both.  

Unadsorbed emulsifiers in the continuous phase play an important role in lipid oxidation 

(Berton-Carabin et al., 2014). It has been suggested that unadsorbed surfactants form 

micelles or small droplets containing small amounts of lipids or lipid hydroperoxides, thus 

protecting them against (further) oxidation (Donnelly et al., 1998; Nuchi et al., 2002; 

Ponginebbi et al., 1999). Furthermore, unadsorbed proteins have been shown to protect 

lipids from oxidation through other mechanisms including metal chelation, scavenging free 

radicals, and binding secondary lipid oxidation products (Berton-Carabin et al., 2014; Elias 

et al., 2005; Faraji et al., 2004; Gumus et al., 2017). Alternatively, it has been suggested that 

the oxidation may be increased by micellar transport between droplets (Laguerre et al., 

2017). 

13
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1.4 The Maillard reaction 

The Maillard reaction (MR) is an important reaction responsible for color and flavor 

formation in a variety of foods. It is a cascade of successive non-enzymatic chemical 

reactions between the free amino groups from amino acids, peptides, or proteins and the 

carbonyl groups from reducing sugars. The MR comprises three stages: initial, intermediary, 

and final, and the schematic representation of the Maillard reaction can be found in Figure 

2.1 (in the next chapter). 

Among all the Maillard reaction products (MRPs), initial stage MRPs (glycated proteins) and 

final stage MRPs (melanoidins) have attracted great interest as functional food ingredients 

because of their positive effects on the functionality (e.g., emulsifying, foaming, gelation, 

and encapsulating properties) and/or biological properties (e.g., antioxidant activity, 

antimicrobial activity) when applied in of food products (de Oliveira et al., 2016; Lee et al., 

2017; Nooshkam et al., 2020; Nooshkam & Varidi, 2020; Oliver et al., 2006; Troise & 

Fogliano, 2013). 

1.4.1 Glycated soy proteins 

The most extensively used plant proteins are currently soy proteins that have interesting 

functional properties such as emulsifying, foaming, and gelling abilities. Modification of 

proteins via the early stage of the MR has been shown to improve these properties (Deng, 

2021; Zhang et al., 2019); see Table S1 for an overview of publications related to improved 

emulsification properties and/or physical stability of emulsions. It has been suggested that 

the Maillard reaction could unfold the globular structure of soy proteins and expose 

formerly buried hydrophobic groups, which increases their affinity towards the oil phase in 

emulsions. Besides, the covalently linked polysaccharides could form a thick layer at the 

interface which improves the physical stability of emulsions. 

14
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1.4.2 Coffee melanoidins 

Compared to the amount of work on MRPs prepared in model systems (i.e., using 

carbohydrates and proteins as starting materials), relatively little work has focused on the 

emulsifying properties of MRPs inherently present in certain foods (such as coffee, beer, 

and bakery products). Coffee is one of the most widely consumed beverages, and during 

roasting, the Maillard reaction takes place to a large extent. The high temperature and low 

water activity favor the formation of melanoidins, which account for ~29% of the dry matter 

in coffee brew (Ludwig, Clifford, et al., 2014).  

The chemical structure of melanoidins is still not completely clear, but model studies have 

shed some light on this matter (Ludwig, Mena, et al., 2014; Moreira et al., 2012). It has been 

suggested that melanoidins are polymers consisting of repeating units of low molecular 

weight MRPs (e.g., furans and pyrroles) (Hayase et al., 2006; Tressl, Wondark, et al., 1998; 

Tressl, Wondrak, et al., 1998). Alternatively, it has been mentioned that melanoidins are 

formed by cross-linking of LMW colored MRPs to proteins through the reactive side chains 

of amino acids (e.g., lysine, arginine, and cysteine) (Hofmann, 1998a, 1998b, 1998c). 

Furthermore, it has been mentioned that the melanoidin skeleton mainly consists of sugar 

degradation products polymerized via aldol-type condensation (Cämmerer & Kroh, 1995; 

Cämmerer et al., 2002; Kroh et al., 2008).  

Unlike model systems where reactions take place under controlled conditions, the situation 

during coffee bean roasting is much more complex, and the structure and composition of 

coffee melanoidins are therefore different from those of melanoidins prepared in model 

systems (Nunes & Coimbra, 2010). In addition to the small sugars and proteins, 

polysaccharides and phenolic compounds are also involved, accounting for ~50 and 10 wt% 

of coffee melanoidins, respectively (Moreira et al., 2017). Studies carried out in the past 

decades enable us to partially reveal some of their structural features (Figure 1.3).  

During coffee roasting, galactomannans and type II arabinogalactans (that are normally 

covalently linked to proteins: arabinogalactan–proteins (AGPs)), undergo depolymerization 

and debranching; galactomannans and arabinose side chains of arabinogalactans could 

15
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undergo transglycosylation, the reducing end of galactomannans could be modified by 

several reactions (e.g., isomerization, oxidation, and MR), and AGPs could lose their protein 

moiety. These reaction products, together with galactomannans and AGPs, are able to 

combine into melanoidins via covalent linkage. In addition, proteins could undergo 

denaturation, depolymerization during roasting, of which the products could then be 

integrated into the polymeric structure of melanoidins. Furthermore, the coffee roasting 

process may promote oxidation, degradation, decarboxylation, isomerization, and 

polymerization of the phenolic compounds (predominantly chlorogenic acids (CGAs)), 

which could then be incorporated into melanoidins through covalent or non-covalent 

linkages. The most likely linkage site was suggested to be the arabinose from the 

arabinogalactan side chains or protein fragments (Bekedam, 2008; Bekedam et al., 2006; 

Coelho et al., 2014; Moreira et al., 2013, 2014, 2015, 2017; Nunes et al., 2012; Shaheen et 

al., 2021; Wang et al., 2021). 

 

Figure 1.3. Example of the structure of coffee melanoidins (Moreira et al., 2012). 

Given the composition of coffee melanoidins, it can be assumed that some of the 

compounds might be able to physically stabilize emulsions, due to their amphiphilic nature 

(e.g., furan and pyrrole-like hydrophobic fractions and negatively-charged hydrophilic 

fractions (Bekedam et al., 2007; Gniechwitz et al., 2008)), or due to their ‘particle-like’ 

behavior. Besides, AGPs are believed to predominantly determine the emulsifying 

16
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properties of the widely used emulsifier gum Arabic (Dickinson, 2003); galactomannans as 

such (e.g., from locust bean gum, fenugreek gum, guar gum, and tara gum) exhibit some 

surface activity and emulsifying capacity (Garti & Reichman, 1994; Wu et al., 2009). On the 

other hand, it has been reported that melanoidins have strong antioxidant potential, as 

reviewed in Chapter 2. Briefly, this includes breaking the radical chain by hydrogen 

donation, chelating metal to form inactive complexes, and decomposing hydroperoxides 

into non-radical products (Delgado-Andrade et al., 2005; Echavarría et al., 2012; Mesías & 

Delgado-Andrade, 2017). Even though the antioxidant activity of coffee melanoidins has 

been studied, their ability to act as antioxidants or stabilizers in emulsions has not been 

investigated yet, which is why we elaborate on this in Chapters 5 and 6. 

1.5 Research aim and outline of the thesis 

In this thesis, we investigate the potential of MRPs, either prepared in model systems or 

inherently present in foods, to act as dual-function ingredients (i.e., physical stabilizers and 

antioxidants) in food emulsions. A graphical representation of the outline of this thesis is 

given in Figure 1.4. Chapter 2 gives a literature review on the use of MRPs as interfacial 

stabilizers and/or antioxidants in O/W emulsions. In Chapter 3, we characterize the 

chemical and structural features of various glycated soy proteins, leading to a 

comprehensive understanding of the functionality of Maillard reaction products. In Chapter 

4, we assess the ability of early-stage MRPs (glycated soy proteins with dextran) added to 

the continuous phase of pre-formed O/W emulsions to prevent lipid oxidation. In Chapter 

5, we explore the potential of final stage MRPs (coffee melanoidins) as ingredients to 

physically stabilize emulsions. In Chapter 6, we further investigate the efficiency of these 

components to physically and oxidative stabilize O/W emulsions when present at the 

interface or in the continuous phase. Finally, we summarize the thesis and put our findings 

in a future perspective in (Chapter 7). 
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Figure 1.4. Graphical outline of the chapters in this thesis (not to scale). 
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Supplementary materials 

Table S1. Lists of studies using glycated soy proteins to improve emulsifying properties. 

Emulsifier Glycation conditions Main Conclusions References 

Soy protein 
isolate (SPI)-
acacia gum 
(AG) 

Wet heating (80 °C, 0-
48 h, pH 7.5) 

Emulsions prepared with SPI-AG 
conjugates showed smaller droplet 
size and higher creaming stability 
than those prepared with SPI alone. 

Mu, Zhao, Zhao, 
Cui, & Liu, 2011 

SPI-dextran, 
or soy 
protein 
hydrolysates
-dextran 

Wet heating (95 °C, 
1.5 h, pH 7.0) 

Limited hydrolysis combined with 
protein glycation improved freeze-
thaw stability of emulsions. 

Yu et al., 2018 

SPI-dextran 

Dry heating (40 °C,  
0-12 d; 60 °C, 0-8 d; 
80 °C, 0-48 h; 79% 
relative humidity 
(RH), pH 7 and 8.5) 

1. SPI-dextran conjugates exhibited 
higher emulsifying activity index 
(EAI) than SPI. 
2. Emulsions prepared with SPI-
dextran had smaller droplet size than 
those prepared with SPI. 

Boostani, 
Aminlari, 
Moosavi-nasab, 
Niakosari, & 
Mesbahi, 2017 

SPI-dextran Ultrasound or 
microwave 

SPI-dextran conjugates improved the 
freeze-thaw stability of SPI 
emulsions. 

Zhang et al., 
2017 
 

SPI-dextran Dry heating (60 °C, 1 
week, 79% RH, pH 7) 

Droplet aggregation upon heating 
was prevented due to SPI-dextran 
adsorption, which increased the 
droplet surface hydrophilicity and 
steric hindrance. 

Diftis & 
Kiosseoglou, 
2006 

SPI-dextran 
Dry heating (60 °C, 1 
and 3 weeks, 79% RH, 
pH 7) 

Adsorbed SPI-dextran created 
repulsive steric force that slowed 
cream separation. 

Diftis, Biliaderis, 
& Kiosseoglou, 
2005 

SPI-AG Dry heating (60 °C, 3, 
6, 9d, 79% RH, pH 7) 

1. SPI-AG conjugates had higher EAI 
and emulsifying stability index (ESI) 
than SPI. 
2. Emulsions prepared with SPI-AG 
conjugates had smaller droplet size 
and higher apparent viscosity than 
those prepared with SPI/AG 
mixture. 

Li et al., 2015 
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SPI-gum 
karaya 

Dry heating (60 °C,  
3 d, 75% RH, pH 7) 

1. Emulsions containing SPI-gum 
karaya conjugates had higher 
viscosity than those containing 
gum karaya. 
2. Emulsion with the conjugates 
had smaller droplet size and lower 
polydispersity than those with gum 
karaya. 

Shekarforoush, 
Mirhosseini, & 
Islam, 2016 

SPI- 
maltodextrin 
(MD) 

Dry heating (90 °C, 
2 h; 115 °C, 2 h; 
140 °C, 2 h; 79% RH, 
pH 6.8) 

Emulsions stabilized with SPI-MD 
conjugates (prepared at 140 °C) 
were stable against pH, ionic 
strength, and thermal treatment. 

Zhang, Wu, Lan, 
& Yang, 2013 

SPI-soy hull 
hemi-
celluloses 
(SHH) 

Dry heating (60 °C, 
7 d) 

The average droplet size of SPI-SHH 
conjugate-stabilized emulsions was 
smaller than SPI- and SHH-
stabilized emulsions when 
prepared freshly and during the 
whole storage period at pH 7.0 and 
60 ̊C. 

Wang, Wu, & 
Liu, 2017 

SPI-soy 
soluble poly-
saccharide 
 

Dry heating (55, 60 or 
65 °C, 36–96 h, 75% 
RH, pH 7) 
 

The droplet size of emulsions 
stabilized with SPI-soy soluble 
polysaccharide conjugates 
remained similar for up to 70 days 
during storage at 25 ̊C, upon 
thermal treatment at 95 ̊C for 30 
min, or under simulated gastric 
conditions for 2 h. 

Yang, Cui, Gong, 
Miller, et al., 
2015 
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Abstract 

Background: Lipid oxidation gives rise to the formation of off-flavors and is therefore a 

major concern for food quality. When present in food emulsions (e.g., milk, yogurts, salad 

dressings), labile polyunsaturated lipids usually oxidize faster than in bulk oil, which can be 

mitigated by antioxidants. However, the use of synthetic antioxidants is not desired from a 

“clean-label” point of view. Therefore, we focus on the potential of Maillard reaction 

products (MRPs), which are biobased molecules that are formed during heating and that 

may possess excellent antioxidant and emulsifying properties. 

Scope and approach: The in situ antioxidant activity of MRPs in emulsion systems is 

reviewed; effects occurring in the continuous phase and at the interface of oil-in-water 

(O/W) emulsions are distinguished. A dedicated section of the review focuses on the MRPs 

that are intrinsically present in various foods. 

Key findings and conclusions: MRPs may partition between the continuous phase and the 

oil-water interface in emulsions, which allows them to counteract lipid oxidation by various 

physicochemical mechanisms, including metal chelation and free radical scavenging. MRPs 

intrinsically present in foods are promising components to achieve food products with high 

oxidative stability, while complying with consumer points of view.  
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2.1 Introduction 

Oxidative deterioration of lipids is a major concern since it gives rise to undesirable changes 

in flavor, taste, and appearance of foods, which shorten the shelf life of food products 

(Chaiyasit et al., 2007; Sun et al., 2011). In addition, it generates compounds with 

questionable metabolic effect (e.g., hydroperoxides and reactive aldehydes) (Schaich, 

2020b), which might damage the nutritional quality of foods, thus making the application 

of healthy polyunsaturated (PUFA) lipids in foods a challenge (Genot et al., 2013; Jacobsen 

et al., 2008). Probing the mechanisms of lipid oxidation and antioxidation in multiphase 

foods is especially relevant because lipids commonly exist as dispersions in foods, such as 

milk, yogurts, infant formula, dips, salad dressing and so on (Decker et al., 2017). These 

systems consist of lipids dispersed as small droplets in an aqueous phase, called oil-in-water 

(O/W) emulsions. In such emulsions, lipids normally oxidize faster than in bulk oil due to the 

large oil-water interfacial area, as well as the emulsification process which may promote 

oxidation (Genot et al., 2013; Jacobsen et al., 2013).  

The use of antioxidants is an effective strategy to counteract lipid oxidation in emulsions. 

Addition of synthetic antioxidants (such as butylated hydroxytoluene (BHT) and tertiary 

butylhydroquinone (TBHQ)) to foods is a common practice owing to their high efficiency 

and low cost. However, the safety of these antioxidants becomes more and more part of 

public discussions. Some synthetic antioxidants in high dose may exert potential harmful 

effects (e.g., tumor-promotion) as shown in animal models, and thus low acceptable daily 

intake (ADI) values have been established by European Food Safety Authority (EFSA) (e.g., 

0.25 and 0.7 mg/kg bw/day for BHT and TBHQ, respectively) (EFSA, 2004, 2012). Due to the 

lack of complete and accurate information on these synthetic preservatives, consumers 

have been raising doubts about their consumption (Lorenzo et al., 2017). There is a clear 

drive toward more natural and label-friendly alternatives.  

A category of components that may comply with sustainability and naturalness trends and 

can be applied in O/W emulsions are Maillard reaction products (MRPs) that are formed 
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during heating. They have been reported to hold high potential for antioxidant activity and 

emulsifying properties (de Oliveira et al., 2016; Manzocco et al., 2000; Nooshkam et al., 

2019). From an optimal activity perspective, surface-active antioxidants are particularly 

relevant, since they would accumulate at the oil-water interface, the location at which lipid 

oxidation initiates (McClements & Decker, 2000; McClements & Decker, 2018). Therefore, 

in the present review, we report on the potential of these compounds for developing food 

emulsions with high oxidative and physical stability.  

MRPs are formed by the glycation of amino-bearing compounds with reducing sugars. This 

may alter the protein structure and thus lead to the exposure of hydrophobic groups that 

have affinity for the oil-water interface, whereas hydrophilic sugar moieties extend into the 

continuous water phase and act as a physical barrier ideally preventing droplet aggregation 

(Liu et al., 2011; O’Mahony et al., 2018; Zhang et al., 2019). Furthermore, MRPs are capable 

of binding metal ions and scavenging free radicals and can thereby improve the oxidative 

stability of emulsions (Nooshkam et al., 2019). In emulsions, if MRPs are used as emulsifiers, 

they would most likely partition between the interface and the continuous phase, which are 

both environments where the presence and activity of antioxidant molecules are of high 

importance (Berton-Carabin et al., 2014; Faraji et al., 2004; Genot et al., 2013). All these 

features make MRPs promising components for use in food emulsions, although it is good 

to point out that in literature the various effects as they would occur in different physical 

locations in food products have not been segmented (mostly an overall effect is reported).  

MRPs are inherently present in certain foods (such as coffee, beer, and bakery products) 

but can also be specifically targeted, using proteins and polysaccharides as starting 

materials. Great efforts have been made to study the antioxidant activity of these 

components that is after isolation using specific assays. For more information, we refer 

through to the following reviews (Hidalgo & Zamora, 2017; Lee & Shibamoto, 2002; 

Manzocco et al., 2000; Namiki, 1988; Nooshkam et al., 2019). Yet, the antioxidant activity 

(e.g., radical scavenging and metal chelating activity) of MRPs when measured using indirect 

methods in the absence of an oxidizable substrate does not necessarily reflect the 
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mechanisms involved when it pertains to lipid oxidation in food systems (Echavarría et al., 

2012), as is the case for many antioxidants (Laguerre et al., 2007). It is therefore extremely 

important to investigate antioxidant effects of MRPs in systems that do justice to the 

complexity of the food matrix, which has only very recently become part of the research in 

this field.  

In the present paper, we review the interfacial properties as well as the mechanisms of 

antioxidant activity of MRPs in O/W emulsions. We start by defining the playing field 

(emulsions, lipid oxidation, and MRPs). Next, we focus on the properties of the MRPs, both 

from a physical (emulsifying properties) and chemical (antioxidant activity) point of view. In 

the next section, we connect this to effects reported for food emulsions stabilized by MRPs. 

We wrap up with a brief outlook on the future application of MRPs in foods to achieve 

products that are intrinsically more stable both from physical and oxidative points of view.  

2.2 Emulsions, oxidation, and MR products 

2.2.1 Food emulsions 

Emulsions are multiphase systems that consist of at least one polar phase (usually water) 

and one nonpolar phase (usually oil), with one phase being dispersed as droplets in the 

other phase. The emulsions we consider in this review are oil-in-water (O/W) emulsions, 

thus containing small oil droplets dispersed in a water phase. Emulsions are 

thermodynamically unstable systems that tend to minimize their interfacial area, and 

therewith, their free energy (ΔG, J) (Eq. 2.1). 

∆𝐺𝐺 𝐺 𝐺𝐺𝐺𝐺𝐺𝐴𝐴 (2.1) 

where γ (N/m) is the interfacial tension between the oil and water, and ΔA (m2) is the 

difference in interfacial area. To avoid phase separation, surface-active compounds 

(generally referred to as emulsifiers) are used to lower the interfacial tension and provide 

electrostatic and/or steric repulsion between droplets. Yet, all emulsions are prone to 
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gravitational separation, flocculation, and coalescence depending on the time scale of 

observation (McClements, 2005).   

2.2.2 Lipid oxidation in emulsions 

Lipid oxidation is generally described as a complex sequence of chemical reactions starting 

from unsaturated fatty acids and oxygen-active species. It takes place through a free radical 

chain mechanism for which we refer through to numerous comprehensive reviews (see e.g., 

Frankel, 1980; Schaich, 2013; Schaich, 2020); here, we will limit ourselves to a general 

description of the basic mechanisms. Lipid autoxidation can be divided into three stages: 

initiation, propagation, and termination (Farmer et al., 1942). In the initiation stage, in the 

presence of an initiator, unsaturated fatty acids (LH) lose a hydrogen atom at an allylic 

methylene group whereby alkyl radicals (L•) are formed. These highly reactive alkyl radicals 

(L•) can quickly react with triplet oxygen to form lipid peroxyl radicals (LOO•). Since these 

radicals have higher energy than alkyl radicals (L•), they can abstract hydrogen atoms from 

another unsaturated fatty acid (LH) to produce hydroperoxides (LOOH) and new alkyl 

radicals (see also Figure 2.2). Hydroperoxides are primary oxidation products that can be 

quantified using various methods (Gheysen et al., 2019; Merkx et al., 2018; Uluata et al., 

2021). Hydroperoxides can decompose via different pathways (e.g., cyclization, 

rearrangement, hydrogen abstraction, scission and condensation) to form secondary 

oxidation products (such as aldehydes, alcohols, hydrocarbons, ketones and volatile organic 

acids). These products may be quantified by different analyses, such as the ρ-anisidine value 

(pAV, quantifying total aldehydes), thiobarbituric acid-reactive substances (TBARS, 

quantifying various compounds including malondialdehyde) (Viau et al., 2016), and volatile 

compounds (e.g., propanal and hexanal) (Jacobsen et al., 2021). In the termination stage, 

two radicals react with each other to form stable non-radical compounds, which will 

terminate the radical chain reaction. In addition to this classic scheme, “hydroperoxide 

initiation” has been proposed recently: decomposition of (pre-existing) traces of 

hydroperoxides at the oil-water interface has been hypothesized as a crucial reaction for 

the initiation of lipid radicals (Laguerre et al., 2020). 
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O/W emulsions comprise three main regions: the interior of the oil droplets, the continuous 

water phase, and the interface between these two phases. Molecules will partition between 

these three regions based on polarity and surface activity. Hydrophobic substances (e.g., 

tocopherols, oil-soluble pigments) are predominantly located in the oil phase, hydrophilic 

substances (e.g., salts and metal ions) in the continuous water phase, and amphiphilic 

compounds (e.g., emulsifiers) at the interface (McClements & Decker, 2000). The location 

of these substances will largely impact lipid oxidation, (systematically reviewed by Berton-

Carabin et al., 2014), since lipid oxidation initiation in emulsions is considered to take place 

at the oil-water interface where pro-oxidants (e.g. transition metals and oxygen) and 

unsaturated fatty acids (or trace hydroperoxides) come into contact (Berton-Carabin et al., 

2014; Laguerre et al., 2020). The large interfacial area could thus promote the initiation of 

lipid oxidation, although it is good to keep in mind that the actual course of the reaction is 

a result of reaction kinetics, in combination with diffusion, and advection effects taking 

place (McClements & Decker, 2000). For instance, hydroperoxides may diffuse to the 

interface, which can favor their contact with pro-oxidants thereby accelerating lipid 

oxidation.  

2.2.3 Maillard reaction  

The Maillard reaction was first detected by Louis Camille Maillard in 1912 (Maillard, 1912) 

and comprises of a complex series of chemical reactions between carbonyl groups (in 

reducing sugars) and free amino groups in proteins, peptides, or amino acids that lead to 

non-enzymatic browning. Only in 1953, the first consolidated scheme of the MR was 

proposed (Hodge, 1953), which comprises of three stages termed: initial, intermediary, and 

final (Figure 2.1), although in practice these phases can occur simultaneously and are 

interrelated (Silván et al., 2011). 
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Figure 2.1. Schematic representation of the Maillard ‘reaction’. Adapted with permission 

from Hodge (1953). Copyright 2011 American Chemical Society. 

In the initial stage, condensation reactions take place between carbonyl groups and free 

amino groups (mainly ε-amino groups) to form unstable Schiff base compounds (O’Brien & 

Morrissey, 1989) that undergo cyclization and in turn form reversible N-substituted 

glycosylamines (O’Brien & Morrissey, 1989). N-glycosylamines from aldose generate 

Amadori compounds (1-amino-1-deoxyketoses), whereas those from ketose generate 

Heyns compounds (2-amino-2-deoxyaldoses) (Davidek & Davidek, 2004). Both components 
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do not lead to brown color, but the nutritional value might be reduced due to the decrease 

in amino acid availability (de Oliveira et al., 2016). 

The intermediary stage starts with the decomposition of Amadori and Heyns compounds 

via different routes (Hellwig & Henle, 2010). At acidic pH, they undergo 1,2-enolization to 

generate furfural or hydroxymethylfurfural (HMF), whereas at alkaline pH, they undergo 

2,3-enolization to generate reductones (e.g., 4-hydroxy-5-methyl-2,3-dihydrofuran-3-one 

(HMFone)) and fission products (e.g., acetol, glyoxal, and methylglyoxal). The dicarbonyl 

compounds formed can react with amino acids leading to aldehydes and aminoketones via 

Strecker degradation (Yaylayan, 2003), or react with arginyl and lysyl residues to yield 

advanced glycation end-products (AGEs), such as Nε-(carboxy-methyl)lysine (CML) and Nε-

(carboxyethyl)lysine (CEL) (Han et al., 2013). In this stage, a yellowish color, flavor formation, 

and increased reducing power are observed (Nooshkam et al., 2019). 

In the final stage, the reactive compounds from the intermediary stage may undergo 

different reactions (including retro-aldolization, isomerization, rearrangement, and 

condensation), resulting in the formation of brown-colored, nitrogen-containing and high-

molecular-weight polymerized products, called melanoidins (Martins et al., 2001). The 

chemical structure and formation mechanism of these compounds are still not fully 

understood. The final phase of MR is mainly responsible for color and flavor formation in 

most thermally processed foods. 

Based on the stage of the Maillard reaction, MRPs with different features may be created, 

although it is intrinsically complex to control the reaction. A few studies have tried to limit 

the Maillard reaction to the initial stage to preserve emulsification properties of proteins 

and prevent the formation of advanced glycosylation end-products (dAGEs) of which the 

intake has controversial physiological consequences (Delgado-Andrade & Fogliano, 2018; 

Oliver et al., 2006; Sedaghat Doost et al., 2019). Other researchers have focused on e.g., 

antioxidant, antimicrobial, and anti-inflammatory activity, of melanoidins using them as 

functional food ingredients (Martinez-Gomez et al., 2020; Mesías & Delgado-Andrade, 

2017). 
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2.2.4 Emulsifying properties of Maillard reaction products 

The emulsifying properties of some MRPs were first demonstrated by Kato and co-workers 

(Kato et al., 1988, 1990). It is generally accepted that both the protein and carbohydrate 

parts of the MRPs contribute to the reported emulsifying properties (Liu et al., 2011; 

O’Mahony et al., 2018; Zhang et al., 2019). The Maillard reaction results in (partial) protein 

unfolding, and exposure of hydrophobic groups which increases their affinity for the oil 

phase. Besides, the hydrophilic carbohydrate moieties extend into the continuous phase, 

which can prevent droplet aggregation through steric hindrance and/or electrostatic 

repulsion. Recently, Li and co-workers found that glycation could increase the flexibility of 

soy protein isolate (i.e., conformational rearrangement of the tertiary protein structure 

upon external environment changes), thereby facilitating adsorption at the oil-water 

interface (Li, Cui, et al., 2019; Li, Wang, et al., 2019). Publications related to the physical 

stability of emulsions with MRPs are summarized in Table S2.1. 

Emulsions stabilized with MRPs have been reported to resist various environmental stresses 

better than those stabilized with proteins alone. For example, Drapala, Auty, Mulvihill, & 

Mahony (2016) found that whey protein hydrolysate-maltodextrin MRPs stabilized infant 

formula emulsions exhibited excellent thermal stability (resistant to bridging flocculation 

due to the increased steric hindrance of maltodextrin). Emulsions stabilized with MRPs 

made from soy whey protein isolate and fenugreek gum did not show a significant change 

in average droplet size after 21 days of storage at 25 °C in the presence of 0.5 M NaCl, or at 

pH close to the isoelectric point (~pH 4.0) (Kasran, Cui, & Goff, 2013; Kasran et al., 2013). In 

addition, soy protein isolate-soy soluble polysaccharide MRPs were able to protect citral in 

emulsions during exposure to simulated gastric and intestinal fluids (Yang et al., 2015). 

The emulsifying properties of MRPs are affected by several parameters, such as reaction 

time, structure and molecular weight of carbohydrates and proteins, protein:carbohydrate 

ratio, overall net charge, etc. Miralles, Martínez-Rodríguez, Santiago, van de Lagemaat, & 

Heras (2007) found that the emulsifying capacity of β-lactoglobulin-chitosan MRPs (formed 

at 40 °C and 79% relative humidity) increased with reaction time up to 2 days, after which 
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the capacity decreased. Likewise, the freeze-thaw stability of emulsions stabilized with soy 

protein hydrolysate-dextran MRPs increased and then decreased for MRPs prepared at 

increasing incubation time during their production. This may indicate that early stage MRPs 

facilitate emulsification, and emulsion stability, and later stage MRPs lose these capacities. 

Delahaije, Gruppen, Van Nieuwenhuijzen, Giuseppin, & Wierenga (2013) showed that steric 

stabilization of oil droplets depends greatly on the molecular weight of the carbohydrates 

attached to patatin, a protein purified from potato, with beneficial effects found for Mw > 

500 Da. Similarly, Wong, Day, & Augustin (2011) prepared MRPs from soluble wheat 

proteins and dextrans D10 or D65 (Mw 6400 Da or 41000 Da, respectively), and found that 

the larger dextran D65 that is conjugated at the N-terminal domain of the protein leads to 

additional interfacial layer thickness around the oil droplets (around 6 nm) compared to the 

smaller dextran D10 that conjugates with the C-terminal domain. 

2.3 Antioxidant activity of the Maillard reaction products 

2.3.1. Standard assays 

The antioxidant activity exerted by MRPs is based on a wide variety of mechanisms, 

including free radical scavenging (e.g., hydroxyl, superoxide, and peroxyl radicals), chelation 

of metal ions, and breakdown of radical chain reactions (Echavarría et al., 2012; Langner & 

Rzeski, 2014; Nooshkam et al., 2019; Vhangani & Wyk, 2016). All these effects can be 

measured using the assays summarized in Table 2.1 which includes their potential 

antioxidant mechanisms. 

The reducing power and/or ferric-reducing/antioxidant power (FRAP) is used to evaluate 

the electron donating activity that enables MRPs to convert reactive radicals to a stable 

form (Hamdani et al., 2018). MRPs have substantial reducing activity, probably because (i) 

the Maillard reaction alters the protein structure leading to exposure of certain amino acids 

(e.g., tryptophan, tyrosine, and methionine) that possess electron donating ability 

(Hamdani et al., 2018); (ii) Amadori products formed in the initial stages and the hydroxyl 

and pyrrole groups of MRPs formed in the advanced stage of Maillard reaction might act as 
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electron donors (Fiore et al., 2012; Pawar et al., 2012; Vhangani & Wyk, 2016), and 

heterocyclic products that are also then formed could provide reducing activity 

(Karnjanapratum et al., 2017); (iii) reductones are able to donate a hydrogen atom to break 

the radical chain reaction (Wang et al., 2013). 

The metal chelation ability of MRPs can be attributed to hydroxyl, pyrrole or ketone groups 

(Gu et al., 2010; Morales et al., 2005), anionic melanoidins binding positively charged metals 

(Morales et al., 2005), and thiol-derived MRPs binding metals in general (Sproston & Akoh, 

2016). 

Free radical scavenging activity of MRPs has been extensively studied, using 1,1-diphenyl-

2-picrylhydrazyl (DPPH), 2,2′-azinobis (3-ethylbenzothiazoline-6-sulphonic acid) 

diammonium salt (ABTS), hydroxyl, peroxyl, and superoxide anion radical scavenging 

activity. The DPPH and ABTS scavenging activities are predominantly attributed to hydrogen 

donation by intermediate or final MRPs and electron donation by exposed amino groups 

(e.g., tryptophan, tyrosine, valine, and phenylalanine) (Khadidja et al., 2017; Liu et al., 2014; 

Nasrollahzadeh et al., 2017; Sproston & Akoh, 2016). It is relevant to point out that the 

DPPH assay is normally carried out with relatively high ethanol or methanol concentrations, 

which may not be fully representative of the antioxidant activity of MRPs when present in 

an emulsion. MRPs also interfere with the Fenton reaction owning to their ability to chelate 

metal ions (Han, Yi, Wang, & Huang, 2017). Other antioxidant activities (including hydroxyl 

radical scavenging activity, superoxide anion radical scavenging activity, oxygen radical 

absorbing capacity, and (2,3-bis(2-methoxy-4-nitro-5-sulpho-phenyl)-2H-tetrazolium-5-

carboxanilide) tetrazolium salt reducibility) of MRPs have also been studied and confirmed 

(Nooshkam et al., 2019).  

From the above, we can expect that some MRPs may have the potential to improve the 

oxidative stability of labile molecules when tested under model conditions. However, the 

fact that some MRPs are reducing agents could also promote oxidation by the regeneration 

of Fe2+ from Fe3+. For example, melanoidins from barley malt could reduce Fe3+ to Fe2+ in a 

Fenton system, resulting in an increase of hydroxyl radicals, and thus induce a pro-oxidant 
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effect. Therefore, whether MRPs can slow down lipid oxidation in food emulsions is a 

question that still needs to be answered, as we try to do later. 

2.3.2. Maillard reaction products and the oxidative stability of O/W emulsion 

The antioxidant activity of a compound in foods is influenced not only by its chemical 

antioxidative capacities (e.g., metal chelating and free radical scavenging capacity) but also 

by its physical location and partitioning, interactions with other components, and 

environmental conditions (Decker et al., 2005). To properly evaluate this, O/W model 

emulsions have been used for various MRPs, as listed in Tables 2.2 and 2.3. 

Partitioning of antioxidants in emulsions is one of the key factors influencing the 

susceptibility of lipids to oxidation. For instance, negatively charged compounds attract 

cationic metal ions; when such an attraction occurs at the surface of the oil droplets, this 

might favor lipid oxidation, whereas binding of metal cations by continuous phase 

components tends to retard lipid oxidation. For clarity, we first review the effects of MRPs 

present in the continuous phase (Table 2.2) and later at the interface (Table 2.3), and finally 

bring them together for full emulsion systems (Figure 2.2). 

MRPs in the continuous phase of emulsions 

Unadsorbed compounds (located in the continuous phase) have been shown to affect the 

oxidation of emulsified lipids, and their contribution may be substantial and even overrule 

the effect of adsorbed compounds (Berton-Carabin et al., 2014). Riisom, Sims, & Fioriti 

(1980) applied lysine-dextrose MRPs (1% level basis lysine) in safflower O/W emulsions, and 

they found that these emulsions were only slightly more oxidatively stable (as measured 

through oxygen uptake) than control emulsions (with lysine only). Similarly, limited effect 

of lysine-honey MRPs (reacted for 4 and 8 h) was observed when added to linoleic acid 

model emulsions (at 1% level of addition) (Antony et al., 2000). However, when these MRPs 

were heated for 12 – 20 h and added at 5 - 20%, a strong antioxidant effect was observed. 

Apparently, the antioxidant effect of MRPs depends on the extent of the reaction. Strong 

antioxidant effect was also reported for milk protein–carbohydrate MRPs added to krill O/W 
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emulsions, which reduced oxidation of eicosapentaenoic acid (EPA) and docosahexaenoic 

acid (DHA) and lowered propanal concentrations (Shen et al., 2014). This was attributed to 

the antioxidant activity of MRPs, although it is good to mention that the intrinsic antioxidant 

activity of unreacted compounds was not measured.  

The antioxidant effect of MRPs added in the continuous phase of emulsions is probably 

related to their ability to act as metal chelators and free radical scavengers. Wijewickreme 

& Kitts (1997) found that lysine-fructose MRPs could bind copper ions significantly less 

compared to lysine-glucose MRPs, which was related to high antioxidant activity of the 

latter, whereas the former showed a pro-oxidant effect in O/W emulsions. Binding of metal 

ions may decrease their availability for chemical reactions and thus inhibit the 

decomposition of lipid hydroperoxides (Berton-Carabin et al., 2014). This effect is largely 

influenced by the pH; for instance, casein peptides-glucose MRPs had lower antioxidant 

activity at pH 3.0 than at pH 7.0 in Tween 20-stabilized emulsions, which could be due to 

the positive charge of the MRPs at pH 3.0 which may repel the cationic metal ions (Dong, 

Wei, Chen, McClements, & Decker, 2011). 

Unadsorbed MRPs can scavenge free radicals produced in the continuous phase and/or 

from oxidizing lipids excreted to the continuous phase. For instance, the DPPH and ABTS 

radical scavenging activity of MRPs prepared from chito-oligomer increased as their 

preparation time increased, which led to less lipid oxidation in linoleic acid model emulsions 

(Jung et al., 2014), and when reacted at 80 °C for 240 min, MRPs (800 µg/mL) even delayed 

lipid oxidation more strongly than ascorbic acid (800 µg/mL) in linoleic acid emulsions after 

storage at 40 °C for 4 days (Jung et al., 2014).  

Also, combined effects of radical scavenging and metal binding activities have been 

reported. Casein peptide-glucose MRPs produced at longer reaction time had increased 

DPPH radical scavenging activity, whereas their ability to chelate metals decreased, overall 

resulting in an increase in lipid oxidation (Dong et al., 2011). These combined effects may 

form an explanation for apparently contradictory results in the literature; i.e., the intrinsic 

antioxidant ability of MRPs does not always correlate with their propensity to limit lipid 
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oxidation in emulsions. For instance, the antioxidant capacity of lysine-glucose MRPs as 

measured through TBARS formation in an emulsion increased with reaction time up to 60 

min and then leveled off, but no correlation was found with lipid oxidation rate (Ruiz-Roca 

et al., 2008). Similarly, MRPs prepared from hydrolyzed β-lactoglobulin and glucose showed 

increased antioxidant activities as a function of heating time but lipid oxidation was not 

influenced accordingly (Dong et al., 2012).  

There are several other effects that may contribute to the complexity of lipid oxidation in 

such systems, and that we mention here to make the image complete. First, emulsifiers in 

the continuous phase may interact with MRPs, therewith altering the conformation of the 

protein moieties in MRPs (Donnelly et al., 1998). This may expose amino acids with 

antioxidant activity, thus retarding lipid oxidation (Feng et al., 2020). Second, prolonging 

the heating time of the MRPs could lead to protein aggregation (Zhou, Wu, Zhang, & Wang, 

2017), and the large aggregates in the continuous phase of emulsions may lead to depletion 

flocculation. Also, a change in physical stability of emulsions (e.g., change in the interfacial 

area) may affect the oxidation of emulsified lipids. However, most studies did not measure 

the physical stability (e.g., droplet size) of model emulsions, making it difficult to evaluate 

the actual effect of MRPs on lipid oxidation. Third, environmental conditions (e.g., solvent, 

pH, and concentration) can be rather different between emulsions and assays used to 

investigate antioxidant behavior (e.g., DPPH radical scavenging ability is measured in 

organic solutions). Fourth, the interfacial composition is generally far from equilibrium and 

changes during storage (Berton-Carabin et al., 2014), and MRPs in the continuous phase 

may partly replace or adsorb on top of initially adsorbed emulsifiers. This is shown in studies 

of Browdy & Harris (1997) and Vhangani & Wyk (2016), who used MRPs and Tween 20 (the 

former study) or MRPs and egg yolk (the latter study), which stresses the importance of 

(dynamic) interfacial composition.
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MRPs at the interface 

Although protein glycation by the Maillard reaction has been used to improve the physical 

stability of emulsions for about three decades, the use of such MRPs as interfacial 

antioxidants started only recently (Table 2.3). Consoli et al. (2018) found that when MRPs 

prepared from sodium caseinate and maltodextrin or dried glucose syrup were heated for 

a longer time (from 0 to 24 h), the MRP solutions displayed greater antioxidant activities 

(FRAP and DPPH radical scavenging activity), and MRP-stabilized emulsions had higher 

oxidative stability compared to systems containing the starting protein and carbohydrate 

mixture. This was attributed to the formation of advanced MRPs with antioxidant properties. 

Wang et al. (2019) and Wang et al. (2020) reported that proteins glycated with 

carbohydrates enhanced the antioxidant activity in aqueous media (DPPH and ABTS radical 

scavenging activity, oxygen radical absorption capacity) and in emulsions (peroxide value 

(PV) or thiobarbituric acid-reactive substances (TBARS)). They claimed that the dense and 

thick interfacial layers created by the MRPs may protect oil droplets from oxidation through 

physical effects. In the work of Zha and co-workers, this was linked to the physical barrier 

effect of MRPs to inhibit the decomposition of hydroperoxides (Zha, Dong, et al., 2019; Zha, 

Yang, et al., 2019). However, such physical barrier effects are questionable given the size of 

the reactive species involved in oxidation, and the lack of direct experimental evidence for 

such an effect. First, the thickness or density of the interfacial layers was not tested in these 

studies, whereas in general, an oil-water interface formed by biopolymers is porous at the 

scale of pro-oxidant molecules (Berton-Carabin et al., 2021). Second, the physical effect of 

the adsorbed glycated proteins was not distinguished from their chemical effects (e.g., 

metal chelating activity) nor from the effect of the glycated proteins remaining in the 

continuous phase. 

In the work by Cermeño et al. (2019), conjugating carrageenan with whey protein 

concentrate (WPC) led to an enhanced generation of secondary lipid oxidation products (as 

measured by TBARS) in emulsions, compared to WPC emulsions. However, it was difficult 

to assess the involved mechanisms, as some physical destabilization of the emulsions 

41

Literature review

2



Chapter 2 v                                   

40 
 

occurred upon incubation (coalescence and flocculation). Additional investigations would 

be needed to elucidate the relationship between the physical and oxidative stability in 

emulsions, which is probably multifactorial and therefore difficult to decipher. 

The effects of MRPs in O/W emulsions are summarized in Figure 2.2. In the initiation stage 

of lipid oxidation, MRPs and proteins can scavenge radicals, therewith delaying the free 

radical chain propagation process (Figure 2.2, arrow A). MRPs and proteins can bind 

transition metals therewith preventing them from initiating radical formation and 

decomposing surface-active hydroperoxides (LOOH) (arrow B). When free radicals and 

unbound metal ions reach the interface to react with unsaturated fatty acids (LH), adsorbed 

MRPs can quench free radicals and chelate metal ions. It is important to realize that 

unadsorbed and adsorbed MRPs may contribute synergistically to the oxidative stability of 

emulsions. 

 

Figure 2.2. Antioxidant mechanisms of Maillard reaction products (MRPs) in oil-in-water 

emulsions.
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2.3.3. Maillard reaction products inherently present in foods 

MRPs inherently occur in certain foods (e.g., coffee, cocoa, dairy and bakery products) as a 

result of processing. Although the antioxidant capacity of model MRPs has been already 

well studied (section 2.3.2), research regarding the effects of MRPs derived from such foods 

is still scarce. Therefore, in this section, we review their antioxidant activity and explore 

their potential for application in emulsions. 

Endogenous formation of MRPs in foods has been reported as an antioxidant source. High 

temperatures applied during food processing often favor the formation of MRPs, which 

affects the antioxidant profile of the products. Michalska et al. (2008) evaluated the 

development of MRPs during rye bread baking and their contribution to the overall 

antioxidant activity of bread. They reported that early MRPs formed in bread did not exhibit 

antioxidant activity, whereas the advanced MRPs formed in bread crust had strong peroxyl 

and ABTS radical scavenging activities. Likewise, Anese et al. (1999) studied the effect of 

drying temperature on the formation of MRPs in pasta. Results showed that antioxidant 

potential was associated with the formation of advanced MRPs, but early stage MRPs 

seemed to have pro-oxidant properties, which may be due to the formation of some highly 

reactive radicals in the early stages of the MR and the degradation of natural antioxidants 

(Calligaris et al., 2004). In addition, Serpen & Gökmen (2009) reported that there was a 

reasonable correlation between color, total antioxidant capacity and acrylamide levels in 

potato crisps; they revealed that potato crisps had high antioxidant activity, which was the 

result of the formation of MRPs during the frying process. Lin et al. (2015) incorporated 

ground roasted coffee in ground top round beef and found that roasted coffee was able to 

lower lipid oxidation (TBARS) to the same or even greater extent than rosemary (containing 

phenolic antioxidants). Later, Patrignani et al. (2016) investigated the in vivo antioxidant 

effect of MRPs in biscuits on rats and concluded that rats fed with higher amounts of MRPs 

had higher serum antioxidant activity (FRAP, ABTS) and lower oxidation damage (TBARS). 

These findings suggest that MRPs developed in foods have strong antioxidant activity, and 

therefore, when extracted may be used as functional ingredients (e.g., antioxidants). For 
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example, fructosyl arginine [N-α-(1-deoxy-D-fructos-1-yl)-L-arginine; Fru-Arg], a low 

molecular weight MRP that can be isolated from aged garlic extract, exhibits antioxidant 

activity in vitro (Ide et al., 1999; Ryu et al., 2001) through hydrogen peroxide scavenging, at 

a related activity comparable to ascorbic acid (Ryu et al., 2001). Positive effects were also 

found in Cu2+-induced LDL (low density lipoprotein) oxidation systems for rat pulmonary 

artery endothelial cells (lower formation of TBARS and inhibited the release of lactate 

dehydrogenase), and murine macrophages (inhibited release of peroxides) (Ide et al., 1999). 

The oxidative cleavage of Fru-Arg in these systems may proceed via metal complexing and 

reducing properties (O’Brien & Morrissey, 1997). 

Melanoidins, the final stage MRPs that contain anionic, brown-colored, high-molecular-

weight and nitrogen-containing compounds, have also been studied in relation to their 

strong antioxidant effect. Studies have mainly focused on melanoidins extracted from real 

foods, including coffee (Bekedam, Schols, Van Boekel, & Smit, 2006; Borrelli, Visconti, 

Mennella, Anese, & Fogliano, 2002; Delgado-Andrade & Morales, 2005; Morales & Jiménez-

Pérez, 2004; Zhang et al., 2019; Zhang et al., 2019), vinegar (Liu et al., 2016; Xu et al., 2007), 

cocoa (Summa et al., 2008; Quiroz-Reyes & Fogliano, 2018), and beer (Morales & Jiménez-

Pérez, 2004). For these compounds, the actual antioxidant mechanisms are unclear because 

their chemical structures are still largely unknown (Mesías & Delgado-Andrade, 2017; Wang 

et al., 2011). Researchers have suggested the ability of melanoidins to chelate metals, 

quench radicals, or act as reducing agents (Echavarría et al., 2012; Wang et al., 2011). The 

metal chelating ability of melanoidins could be ascribed to their anionic nature, which was 

shown to allow them to form stable complexes with metals similar to anionic hydrophilic 

polymers (Gomyo & Horikoshi, 1976). Ćosović, Vojvodić, Bošković, Plavšić, & Lee (2010) 

reported that nitrogen atoms may be responsible for complexing copper ions, and hydroxyl 

and ketone groups of pyridone or pyranone serve as chelating agents (Wang et al., 2011). 

Furthermore, melanoidins can scavenge a variety of radicals, such as ABTS, DPPH, and N,N-

dymethyl-p-phenylenediamine (DMPD) (Borrelli et al., 2002; Morales & Babbel, 2002). For 

certain melanoidins from pasta and tomato puree, a linear correlation between radical 

quenching activity and color was found, whereas more complex relations have been 
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suggested for coffee melanoidins (Manzocco et al., 2000). The actual composition is 

responsible for the different behaviors, but unfortunately, not well understood. In addition, 

melanoidins exhibit reducing activity, which may be due to the hydroxyl groups on their 

heterocyclic regions (Vhangani & Wyk, 2016). Apart from this, for melanoidins from coffee, 

polyphenols and low molecular weight MRPs non-covalently bound to the melanoidins 

contribute to overall antioxidative ability (Delgado-Andrade et al., 2005; Delgado-Andrade 

& Morales, 2005; Morales & Jiménez-Pérez, 2004; Rufián-Henares & Morales, 2007; 

Tagliazucchi et al., 2010), and may exceed the activity of the melanoidins themselves 

(Morales & Jiménez-Pérez, 2004). 

Melanoidins may be surface-active and thus adsorb at the air-water interface (and overview 

is in Table 2.4). Lusk et al. (1987) isolated a high molecular weight (6-20 kDa) melanoidin 

fraction from beer that lowered surface tension to 66.0 mN/m (the surface tension at the 

air-water interface is 72 mN/s). It should be noted that this decrease is somewhat limited 

compared e.g., proteins (Hinderink et al., 2020), especially considering the fact that the 

concentration used was 5 times higher than in beer. Later, melanoidins isolated from beer 

foam liquid were shown to form stable other foams independently of the presence of beer 

proteins, therewith highlighting a more prominent role than previously recognized (Lusk et 

al., 1995).  

Melanoidins from coffee foam were also investigated (D’Agostina et al., 2004; Piazza et al., 

2008). The total foaming fraction (TFF) from espresso coffee was separated into a 

carbohydrate-like and a melanoidin-like fraction, and the foaming properties were studied 

(Figure 2.3). D’Agostina et al. (2004) reported that the melanoidin-like fraction exhibited 

higher foaming capacity and antioxidant activity than the carbohydrate-like fraction, and 

Piazza et al. (2008) observed stronger viscoelastic interfacial properties in melanoidin-like 

fraction than the carbohydrate-like fraction.  

The potential of certain food melanoidins to stabilize emulsions has also been described in 

a few patents. Roasted coffee particles (10 – 20 wt% dry matter melanoidins proteinous 

part) have been found to remarkably stabilize emulsions against coalescence, while 
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exhausted roasted coffee particles (aqueous extraction at 110 and 180 °C) showed slightly 

less good droplet stabilization than roasted coffee, which was ascribed to the loss of 

surface-active materials (melanoidins) during extraction (Pipe et al., 2014). In another 

patent, plant-derived starting materials (containing reducing monosaccharides, phenolic 

compounds, free amino acids, and pectin) were heated, which resulted in a mixture with 

emulsification properties (Da Fonseca Selgas Martins et al., 2014). It was claimed that the 

heating conditions employed led to the formation of substantial quantities of melanoidins, 

as evidenced by browning and absorbance at 405 nm. When using model melanoidins 

produced with arginine, glutamine, fructose, and glucose, it was found that these 

components were not that effective as emulsifiers, leading to a wide range of oil droplet 

sizes (20 to 60 µm), and a free oil layer on top of the emulsions within 24 hours after 

emulsification, and complete phase separation after 6 months of storage at 5°C (Da Fonseca 

Selgas Martins et al., 2014). The low molecular weight and purity of the ‘model melanoidins’ 

compared to melanoidins isolated from real foods is expected to have been the cause of 

the differences observed. To the best of our knowledge, no information regarding lipid 

oxidation in these emulsion systems is available. 

 

Figure 2.3. Stereo-microscope picture (enlargement: 200x) of the foam surface created by 

stirring non-defatted melanoidin-like foaming fraction under standard conditions. 

Reprinted from Journal of Food Engineering, 84, Piazza, L., Gigli, J., & Bulbarello, A, 

Interfacial rheology study of espresso coffee foam structure and properties, 420-429, 

Copyright (2021), with permission from Elsevier.
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2.4 Conclusions and perspectives  

MRPs can locate both in the continuous phase and at the interface of O/W emulsions, where 

they may retard lipid oxidation by various physicochemical mechanisms, including metal 

chelation and free radical scavenging. Melanoidins isolated from certain food products may 

have a strong antioxidant effect and have the ability to act as surface-active compounds, so 

they have a great potential to act as interfacial antioxidants. However, to the best of our 

knowledge, this has hardly been explored yet. 

Although MRPs represent a promising class of interfacial antioxidants with potential use in 

foods, some challenges remain. First, the compositions and structures of MRPs, especially 

melanoidins, are not that well known, and the underlying reactions cannot be controlled 

that easily. Thus, it is difficult to directly link antioxidant effects to molecular or 

supramolecular structures. There is therefore a great demand for advanced analytical 

methods that still need to be developed. By identifying the exact compositions and 

structures, in combination with information on their location in an emulsion, antioxidant 

efficiency may be predicted. Second, the impact of certain MRPs on human health remains 

a concern. For instance, acrylamide and its metabolite glycidamide have been shown to be 

genotoxic and carcinogenic. The Benchmark Dose Lower Confidence Limit (BMDL10) was 

selected as 0.17 and 0.43 mg/kg bw/day for tumors and other effects (EFSA, 2015). 

Therefore, minimizing the level of harmful compounds through strict control of the MR 

process is of essence. Third, the feasibility of MRPs in industrial applications needs further 

evaluation, which includes the design of sustainable preparation processes and evaluation 

of economic profitability. 

Overall, the knowledge gained from this review would allow food scientists to design foods 

with enhanced oxidative and physical stability by employing MRPs in foods making use of 

effects taking place at different physical locations (interface or continuous phase). 
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Abstract 

Dry and subsequent wet heating were used to glycate soy proteins with dextran or glucose, 

followed by fractionation based on size and solubility. Dry heating led to protein glycation 

(formation of furosine, Nε-(carboxymethyl)-L-lysine, Nε-(carboxyethyl)-L-lysine, and 

protein-bound carbonyls) and aggregation (increased particle size); while subsequent wet 

heating induced partial unfolding and de-aggregation. The measurable free amino group 

content of soy proteins changed from 0.77 to 0.14, then to 0.62 mmol/g upon dry and 

subsequent wet heating; this non-monotonic evolution is probably due to protein structural 

changes, and shows that this content should be interpreted with caution as a glycation 

marker. After both heating steps, the smaller-sized water- soluble fractions showed higher 

surface activity than the larger insoluble ones, and dextran conjugates exhibited a higher 

surface activity than their glucose counterparts. We thereby achieved a comprehensive 

understanding of the properties of various fractions in plant protein fractions, which is 

essential when targeting applications. 
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3.1 Introduction 

The Maillard reaction (MR), also known as non-enzymatic browning, is a set of spontaneous 

and natural chemical reactions between the reducing groups of carbohydrates and the ε-

amino groups of amino acids, peptides or proteins (Hodge, 1953). There is extensive 

evidence that Maillard conjugation (glycated proteins) can improve protein functionality, 

such as emulsifying, foaming, and gelling properties (Corzo-martínez, Carrera, Moreno, 

Rodríguez, & Villamiel, 2012; Spotti et al., 2019). Moreover, amphiphilic glycated proteins 

are able to form submicron particles via self-assembly upon heat treatment above the 

denaturation temperature of proteins (Feng et al., 2015; Li, Yu, Yao, & Jiang, 2008; Meng, 

Kang, Wang, Zhao, & Lu, 2018). Such Maillard conjugation-based submicron particles have 

been used as Pickering stabilizers or delivery vehicles to encapsulate and control release 

bioactive compounds (Fan, Yi, Zhang, & Yokoyama, 2018; Hernández et al., 2020; Jin et al., 

2016; Lin et al., 2019).  

Most of the research on Maillard conjugation has been done on animal-derived proteins 

(e.g., whey protein isolate, β-lactoglobulin, bovine serum albumin, and egg white protein), 

focusing primarily on characterizing the improved protein functionality (Akhtar & Ding, 

2017; Zhang et al., 2019a). Plant proteins are promising alternatives to animal proteins, due 

to the current trend in using more sustainable food ingredients. Yet, compared to animal 

proteins, the use of plant-based proteins for Maillard conjugation has been less considered, 

and limited mainly to soy proteins, pea proteins and wheat proteins (Akhtar & Ding, 2017; 

Diftis & Kiosseoglou, 2006; Zha, Yang, Rao, & Chen, 2019). Among these, soy protein isolate 

(SPI) is the most widely used plant protein source owing to its good functional properties 

such as microencapsulation, emulsification, and gelation properties (Nesterenko, Alric, 

Silvestre, & Durrieu, 2013). It contains various proteins, with β-conglycinin and glycinin 

being the predominant ones. β-Conglycinin is a glycoprotein that consists of three subunits 

α, α' and β, which are randomly linked by non-covalent interactions (Thanh & Shibasaki, 

1978). Glycinin is a hexamer, in which acidic and basic subunits are interconnected by a 

disulphide bond (Shewry, 1995).  
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Considering the compositional heterogeneity of SPI, as well as the complexity of the MR 

during which many molecular and supramolecular structure changes may occur, a vast 

number of components and products are expected to be formed upon glycation. In most 

studies, proteins are incubated with carbohydrates and the whole reaction mixture is used 

without any post-reaction purification or fractionation. Some studies did use only the 

soluble fraction to prepare emulsions, to avoid the clogging of homogenization devices, 

taking into account the actual concentration after discarding the insoluble compounds 

(Wefers, Bindereif, Karbstein, & Van Der Schaaf, 2018; Weng et al., 2016). Yet, the insoluble 

fraction could be interesting for so-called Pickering emulsions or foams, for which insoluble 

colloidal particles are needed (Berton-Carabin & Schroën, 2015).  

On the other hand, many studies have been carried out with limited chemical 

characterization and control of the extent of the MR and of the molecules and 

supramolecular structures (protein aggregates) formed. Some studies applied gel 

electrophoresis to confirm the conjugation between proteins and carbohydrates, although 

non-quantitatively (Lesmes & McClements, 2012; Xu, Wang, Jiang, Yuan, & Gao, 2012; 

Yadav, Parris, Johnston, Onwulata, & Hicks, 2010). A few authors attempted to limit the 

reaction to the initial stages: they estimated the degree of glycation quantifying free amino 

groups by the о-phthalaldehyde (OPA) or 2,4,6-trinitrobenzenesulfonic acid (TNBS) assays 

(Akhtar & Ding, 2017). Unfortunately, the free amino groups may be hindered as a result of 

protein aggregation, and thus prevented from reacting with the involved reagents, leading 

to an overestimation of the degree of glycation. Therefore, a direct measure of specific 

Maillard reaction products (MRPs) is mandatory to assess the extent of protein glycation.  

The objectives of this study were to characterize the chemical and structural features of 

various Maillard reaction fractions (e.g., water-soluble vs insoluble, and differently glycated) 

and ultimately to propose optimal utilization of each fraction to minimize losses of precious 

materials. To achieve this aim in this paper, we first applied dry heating to induce Maillard 

conjugation between SPI and glucose or dextran (a large glucose-based polysaccharide), 

used in different ratios. The reaction products were separated by either centrifugation or 
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filtration, and a second wet heat treatment was applied, as it was previously shown to alter 

the structural properties of the products formed in the first heating step, and thereby allow 

the formation of submicron particles (Feng et al., 2015; Li et al., 2008; Meng et al., 2018). A 

range of Maillard reaction markers was used to characterize the extent of the reaction 

(including free amino group, furosine, Nε-(carboxymethyl)-L-lysine, Nε-(carboxyethyl)-L-

lysine, and protein-bound carbonyl contents) in all fractions. Surface hydrophobicity and 

tryptophan fluorescence were used to elucidate conformational changes, and interfacial 

tension between vegetable oil and water was assessed to prospective functionality in terms 

of stabilization of multiphase food systems.  

3.2 Materials and methods 

3.2.1 Materials 

Soy protein isolate (SPI, 79.14 ± 0.66 % N; SUPRO® 500E) was obtained from Solae (St Louis, 

MO, USA). Protein concentration was determined by bicinchoninic acid (BCA) assay (Thermo 

Scientific, Pierce BCA Protein Assay Kit) or nitrogen determination by the Dumas method 

(Interscience Flash EA 1112 series, Thermo Scientific, Breda, The Netherlands). Refined 

rapeseed oil was purchased from a local supermarket (Wageningen, the Netherlands) and 

stripped with alumina powder (Alumina N, Super I, EcoChrome™, MP Biomedicals, France) 

to remove impurities and tocopherols (Berton, Genot, & Ropers, 2011). For sodium dodecyl 

sulphate-gel electrophoresis (SDS-PAGE), Mini-PROTEAN gels (12% TGX™ Gel, 10 well, 30 

μL/well), precision plus proteinTM standards (dual color), Laemmli sample buffer, 

Tris/Glycine/SDS buffer, and Bio-safeTM Coomassie G-250 stain were supplied by Bio-Rad 

(Richmond, CA, USA). D-(+)-Glucose, dextran (average molecular weight 70 kDa), potassium 

bromide, β-mercaptoethanol, o-phtaldialdehyde, sodium tetraborate decahydrate, sodium 

dodecyl sulphate (SDS), DL-dithiothreitol (DTT), ammonium formate, 2,4-

dinitrophenylhydrazine (DNPH), guanidine hydrochloride, trichloroacetic acid (TCA), and 8-

anilino-1-naphthalenesulfonic acid ammonium salt (ANSA) were purchased from Sigma-

Aldrich (St. Louis, MO, USA), all at least of analytical grade. Analytical standard l-serine (99%) 

was supplied by Alfa Aesar (Wardhill, MA, USA), Nε-(2-furoylmethyl)-L-lysine (furosine), Nε-
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(carboxymethyl)-L-lysine (CML), Nε-(carboxyethyl)-L-lysine (CEL), Nε-(2-furoyl)-methyl-l-

[4,4,5,5-[2H₄]lysine HCl salt (d4-furosine), Nε-(carboxy[2H2]methyl)-L-lysine (d2-CML) were 

obtained from Polypeptide Group (Strasbourg, France), and Nε-(carboxy[2H4]ethyl)-L-lysine 

(d4-CEL) was purchased from Toronto Research Chemicals Inc. (Ontario, Canada). 

Hydrochloric acid (37%), ethanol (95%), ethyl acetate (99%), acetonitrile, and formic acid 

(98-100%) were from Merck Millipore (Merck, Germany). All solutions and dispersions were 

made using ultrapure water prepared with a Millipore Milli-Q water purification system 

(Millipore Corporation, Billerica, Massachusetts, US). 

3.2.2 Preparation of glycated soy protein isolate 

SPI and carbohydrate (glucose or dextran) powder mixtures with a weight ratio of 10:1, 2:1, 

or 1:1 were dispersed in water and lyophilized, after which the samples were milled with a 

Fritsch ball mill (Fritsch, Oberstein, Germany). The powder was subsequently incubated at 

60 °C for 1 day at a relative humidity of 79% in a desiccator containing a saturated potassium 

bromide solution for protein glycation to take place, and next stored at -20 °C. Besides, the 

same procedure was used to make dry heated SPI that served as a control sample. 

3.2.3 Fractionation of glycated soy protein isolate 

A scheme of the samples prepared for the study is provided in Figure 3.1. The glycated SPI 

samples or dry heated SPI samples were dispersed in water at 5 g/L, and gently stirred at 

4 °C overnight to ensure full hydration. These dispersions were fractionated by 

centrifugation (10,000×g at 4 °C for 15 min; Sorvall Lynx 4000 Centrifuge, Thermo Scientific, 

Agawam, MA, USA) or filtration (Amicon stirred cell, Millipore Co., MA, USA, with Sterlitech 

polyethersulfone membranes, pore size 0.03 μm). The pellet and retentate were re-

dispersed in a volume of water equivalent to the supernatant and filtrate, respectively. The 

pellet, supernatant, and retentate dispersions were heated in a water bath at 95 °C for 50 

min to obtain the corresponding heated samples. 
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Figure 3.1. Scheme of preparation of the different fractions. Photographs: Visual 

observations of SPI-dextran (left) and SPI-glucose (right) fractions. 

3.2.4 SDS-PAGE 

A Mini-PROTEANe Tetra system (Bio-Rad, Richmond, CA, USA) was used for SDS-PAGE 

analysis. First, samples (2 mg/mL protein content measured by BCA assay) were diluted 1:1 

with Laemmli sample buffer containing 5 v% β-mercaptoethanol and heated at 95 °C for 5 

min on an Eppendorf ThermoMixer® C heating block (Eppendorf, Hamburg, Germany). Next, 

protein standard (10 μL) and sample solutions (20 μL) were loaded in separate wells in Mini-

PROTEAN gels. The samples were separated at a constant voltage of 200 V at room 

temperature for approximately 30 min, after which the gels were stained with Coomassie 

G-250 for 1 h, and de-stained with water for 12 h. The gels were scanned using a GS-900TM 

Calibrated densitometer (Bio-rad, USA) and analyzed with Image Lab 5.2.1 software (Bio-

Rad, USA). 
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3.2.5 OPA assay 

The free amino group content was estimated using the OPA assay as described by Nielsen, 

Petersen, and Dambmann (2001) with some modification. Briefly, 200 μL sample (solution 

or suspension) were added to 1.5 mL of freshly prepared OPA reagent (containing 38.1 g/L 

sodium tetraborate decahydrate, 0.8 g/L OPA, 1 g/L sodium dodecyl sulfate, and 0.88 g/L 

DL-dithiothreitol), and mixed on a digital vortex mixer at 2500 rpm for 5 s. The mixture was 

incubated at room temperature for exactly 3 min, and the absorbance was measured at 340 

nm using spectrophotometer DR3900 (Hach Lange, Germany). Calibration curves using L-

serine as standard were used to determine the free amino group content expressed as 

millimole free amino groups per gram of protein (mmol/g protein). The protein 

concentration was determined with the BCA assay. 

3.2.6 Analysis of Maillard reaction markers by LC-MS/MS 

Analysis of furosine, CML, and CEL content was conducted on an Ultimate 3000 high-

pressure liquid chromatograph (HPLC) (Thermo Scientific, USA) coupled to a Thermo 

Finnigan TSQ Quantum triple quadrupole mass spectrometer (San Jose, CA, USA) using the 

method of Troise, Fiore, Wiltafsky, and Fogliano (2015), with modifications. One milliliter of 

sample solution was mixed with 4 mL of 7.5 M hydrochloric acid (HCl) in a 10 mL heating 

tube and incubated at 110 °C for 20 h. To prevent oxidation, the heating tubes were 

saturated with nitrogen and sealed before incubation. Following incubation, the 

hydrolysates were filtered using syringe filters (PTFE, 0.22 Millipore, Billerica, MA, USA), 

after which filtrate aliquots (500 μL) were dried under nitrogen. The dried samples were 

reconstituted in 500 μL water. For SPI and SPI-dextran samples, 100 μL of the reconstituted 

sample was mixed with 90 μL of acetonitrile spiked with 10 μL internal standard. For SPI-

glucose samples, a 10 μL reconstituted sample was mixed with 180 μL 50 v% acetonitrile 

spiked with 10 μL internal standard. The final concentrations of internal standards in all 

samples were 500 μg/L furosine, 500 μg/L d2-CML, and 200 μg/L d4-CEL. Five microliters of 

each sample were injected into the LC-MS/MS system.  
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HPLC separation was performed using a reversed-phase core shell column (Kinetex HILIC 

2.6 μm, 100 × 2.1 mm, Phenomenex, Torrance, USA). The mobile phases were: A, aqueous 

0.1 v% formic acid; B, 0.1 v% formic acid in acetonitrile; C, 50 mM ammonium formate. The 

linear gradient elution steps were as follows: 0-0.8 min, 80% B, 10% C; 0.8-3.5 min, 80-40% 

B, 10% C; 3.5-6.5 min, 40%B, 10% C; 6.5-8 min, 40-80% B, 10% C; 8-10 min, 80% B, 10% C. 

The flow rate was set at 0.4 mL/min, and detection was achieved by positive electrospray 

ionization using selected reaction monitoring (SRM). The source parameters were: spray 

voltage 3.0 kV, vaporizer temperature 250 °C, capillary temperature 310 °C, collision 

pressure 0.2 Pa, and scan time 100 ms. Data were analyzed with Thermo Xcalibur 4.0.27.19 

(Thermo Scientific, USA). The recovery of analytes was determined by spiking the samples 

with a known amount of analytes (low, middle, and high concentrations, corresponding to 

30, 300, and 1000 ppb, respectively). Recovery experiments were repeated six times, and 

the results were 88.0 ± 7.4%, 91.2 ± 7.0%, and 84.2 ± 6.1% for furosine, CML, and CEL, 

respectively. Quantification of furosine, CML and CEL was performed by linear regression of 

the analyte/internal standard peak area ratio against analyte concentration. Protein 

content of each sample was measured by the Dumas method, and the final results were 

expressed as mg/g protein. Limit of detection (LOD) and limit of quantification (LOQ) were 

calculated based on the slope (S) of calibration curve and the standard deviation (SD) of 

responses according to Eqs. (3.1) and (3.2): 

LOD =  3.3 × 𝑆𝑆𝑆𝑆
𝑆𝑆  (3.1) 

LOQ =  10 × 𝑆𝑆𝑆𝑆
𝑆𝑆  (3.2) 

The LOD were 0.2, 0.3, and 0.8 μg/L for furosine, CML, and CEL, respectively. The LOQ were 

0.6, 1, and 2 μg/L for furosine, CML, and CEL, respectively. 

3.2.7 Color measurement 

The color change of SPI powder upon glycation was measured using a ColorFlex 

spectrophotometer (Hunter Associates Laboratory, Inc., Reston, VA, USA). Color values 
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were expressed according to the CIE lab model, in which L* (lightness), a* (+a* = red and -

a* = green) and b* (+b* = yellow and -b* = blue) were recorded. The color difference (∆E) 

and browning index (BI) were calculated with Eqs. (3.3) and (3.4), respectively (Consoli et 

al., 2018).  

∆E =  �(𝐿𝐿∗ − 𝐿𝐿�∗ )� + (𝑎𝑎∗  − 𝑎𝑎�∗)� + (𝑏𝑏∗  − 𝑏𝑏�∗)�  (3.3) 

Where L0
*, a0

*, and b0
*are the values before heat treatment, and L*, a*, and b*are the values 

after dry heat treatment. 

BI =  𝑥𝑥 𝑥 𝑥𝑥𝑥𝑥
0.172  × 100 (3.4) 

For x obtained from Eq (3.5): 

𝑥𝑥 𝑥𝑥  (𝑎𝑎∗ +  1.75𝐿𝐿∗)
(5.645𝐿𝐿∗  + 𝑎𝑎∗  − 3.012𝑏𝑏∗) (3.5) 

3.2.8 Determination of protein-bound carbonyl content 

Protein-bound carbonyl content was measured by derivatization with DNPH following the 

method described by Duque-Estrada, Kyriakopoulou, de Groot, van der Goot, and Berton-

Carabin (2020), with slight modification. Briefly, 0.8 mL of sample was precipitated with 0.8 

mL of cold 40 w/v% TCA in 2 mL Eppendorf tubes. The samples were centrifuged at 15,000×g 

for 5 min, the supernatant discarded, and SDS (400 μL, 5 w/v%) was added to the pellet. 

The sample was then heated at 100 °C for 10 min and ultrasonicated (Elmasonic P 60H, Elma, 

Germany) at 40 °C for 30 min. For each sample, three aliquots were treated with 0.8 mL 

DNPH (0.3 w/v% in 3 M HCl), and three with 0.8 mL 3 M HCl (blank). After incubating in the 

dark at room temperature for 1 h (while vortexing at 2500 rpm for 5 s every 10 min), 400 

μL of cold 40 w/v% TCA was added, and the sample was centrifuged as before. The 

supernatant was removed, and the pellet was washed with 1 mL of ethanol–ethyl acetate 

(1:1, v:v) solvent, and centrifuged as earlier, which was repeated thrice. The resultant pellet 

was dissolved in 1.5 mL 6 M guanidine hydrochloride and incubated overnight at 37 °C. Next, 
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the sample was centrifuged (15,000×g, 5 min), and supernatant absorbance was recorded 

at 370 nm (spectrophotometer DR3900, Hach Lange, Germany). The supernatant protein 

concentration was measured with the BCA assay, and the protein-bound carbonyl content 

(mmol/kg soluble protein) was calculated using Eq. (3.6): 

Carbonyl content =  𝐴𝐴𝑏𝑏������  − 𝐴𝐴𝑏𝑏�����
 × 𝑙𝑙 𝑙 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (3.6) 

 

where Absample and Abblank were the absorbances of the sample and blank, respectively, ε is 

the molar extinction coefficient of carbonyls (22,000 M-1 cm-1) and l is the cuvette optical 

path (1 cm). 

3.2.9 Surface hydrophobicity 

Surface hydrophobicity of proteins in solutions or dispersions was measured by using ANSA 

as a fluorescence probe (Haskard & Li-Chan, 1998). The sample was diluted to the desired 

total protein concentration (0.05−0.25 mg/mL, measured with the BCA assay) using 0.01 

mol/L phosphate buffer at pH 7.0, after which 40 μL ANSA stock solution (8 × 10−3 mol/L in 

0.01 mol/L pH 7.0 phosphate buffer) were added to 2 mL of this diluted sample in a quartz 

cuvette. The mixtures were stirred with a magnetic bar and stored in the dark for 3 min 

before measurement. Fluorescence intensity was recorded at 390 (excitation) and 470 nm 

(emission) using a Shimadzu RF-6000 fluorimeter (Shimadzu, Kyoto, Japan) with slit widths 

of 5 nm for both excitation and emission. The initial slope of the fluorescence intensity (after 

blank subtraction) versus protein concentration (mg/mL) was obtained by linear regression 

analysis and used as an index of surface hydrophobicity. 

3.2.10 Intrinsic fluorescence measurements 

The intrinsic fluorescence of each sample was determined using the same fluorimeter as in 

2.9 and based on the method of Tao et al. (2018). The excitation wavelength was 285 nm, 

and the intrinsic spectra were recorded between 300 and 400 nm at 60 nm/min scanning 

speed using slit widths of 5 nm. Prior to analysis, the samples were diluted to a protein 
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concentration of 1 g/L (measured with the BCA assay) with phosphate buffer (0.01 mol/L, 

pH 7.0). 

3.2.11 Adsorption kinetics 

The interfacial tension between stripped rapeseed oil and aqueous solutions (protein 

concentration 0.1 g/L, measured with the BCA assay) was measured with an automated 

drop volume tensiometer (Tracker™, Teclis-IT Concept, Longessaigne, France) by analyzing 

the axial symmetric shape (Laplace profile) of a rising oil drop (40 mm2) in the aqueous 

solution. Prior to each experiment, the surface tension between air and water was 

measured (∼ 72 mN/m) to ensure that the syringe, needle, and cuvette were clean. All 

measurements were conducted for 2 h at 20 °C. 

3.2.12 Particle size distribution (PSD) 

The size distribution of insoluble fractions was measured by a laser diffraction particle size 

analyzer (Mastersizer 3000, Malvern Instruments, Worcestershire, UK), by dispersing in 

water and stirring at 1400 rpm in a dispersion unit (Hydro SM). The refractive indices of 

protein and water were 1.45 and 1.33, respectively. The absorption index of protein was set 

to 0.001.  

The size distribution of soluble fractions was estimated by dynamic light scattering using a 

Zetasizer Ultra (Malvern Instruments, Worcestershire, UK). The samples were properly 

diluted in water to avoid multiple scattering before placing them in a disposable cell (DTS 

1080) for analysis. The refractive and absorption indices used for protein were 1.45 and 

0.001, respectively. 

3.2.13 Statistical analysis 

All measurements were done at least in triplicate on samples prepared at least in duplicate 

in independent experiments. The data were expressed as mean values ± standard deviation. 

Data were subjected to one-way analysis of variance (ANOVA) using the software package 

IBM SPSS statistics 23.0.0.2 (SPSS Inc, Chicago, Illinois, USA). The Tukey HSD method was 

conducted post-hoc for mean comparisons, with P < 0.05 being considered as significant. 
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The lowercase letters in all figures are for comparison of different fractions within one 

system. The bold italic uppercase letters are for comparison between SPI and SPI-dextran 

systems, within the same fraction. The normal uppercase letters are for comparison 

between SPI and SPI-glucose systems within the same fraction. 

3.3 Results and discussion 

3.3.1 Free amino group content and supramolecular assembly state 

At the early stages of the Maillard reaction, ε-amino groups of proteins react with carbonyl 

groups of reducing sugars to form so-called Amadori compounds (Silván, van de Lagemaat, 

Olano, & del Castillo, 2006). In SPI-carbohydrate mixtures (Figure 3.2 A-D & S3.2), the free 

amino group contents significantly decreased (P < 0.05) after dry heating. Moreover, for 

SPI-dextran conjugates (Figure 3.2A, 3.2C & S3.2A), higher amounts of free amino groups 

were measured compared to SPI-glucose conjugates (Figure 3.2B, 3.2D & S3.2B). The 

decrease in free amino group content is generally interpreted in literature as a marker for 

protein glycation (Akhtar & Ding, 2017). The higher free amino group content in SPI-dextran 

than SPI-glucose conjugates could be explained by (i) at the same SPI-carbohydrate weight 

ratio, more glucose is present in the mixture than dextran due to its lower molecular weight, 

which ends up with more reducing end in the mixture, and thus glucose molecules are more 

likely to react with lysine residues of protein molecules; (ii) dextran is known to react slower 

than glucose, and (iii) long carbonic chain of dextran may limit protein glycation via steric 

hindrance (Wang & Ismail, 2012). 

However, these results provide additional highlights: first, the second wet heating step 

applied to the insoluble fractions (i.e., pellet and retentate) increased the concentration of 

free amino groups (Figure 3.2 & S3.2); and second, the apparent loss in free amino groups 

induced by dry heating is also observed in SPI where heated without carbohydrates (Figure 

3.2E). These results indicate that other mechanisms (apart from protein glycation) are 

responsible for the decrease in free amino groups detected by the OPA method. One 

possible explanation is the protein aggregation determined by thermal treatment as shown 
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by the particle size of the SPI which dramatically increased upon heating (Figure 3.2F). The 

aggregation determines the burying of amino groups inside the aggregates thus hindering 

access of the OPA reagent to free amino groups, as already reported for heated proteins 

(Mulcahy, Fargier-Lagrange, Mulvihill, & O’Mahony, 2017). This is also in line with the 

observation that the second wet heating increases the free amino group content. The heat 

treatment above the SPI denaturation temperature makes soy proteins unfold and de-

aggregate, as is also clear from the decrease in particle size (Figure 3.2F). Such a change in 

conformation and in supramolecular structure could help free amino groups becoming 

available again for the OPA reagent, which would thus counteract, at least in part, the effect 

observed during the first dry heating step.  

Lower concentration of free amino groups per gram of protein was observed in all insoluble 

fractions (i.e., pellet and retentate) compared to soluble fractions (i.e., supernatant and 

filtrate) (Figure 3.2). This is in line with the fact that the number of accessible free amino 

groups in aggregated protein clusters typical of the insoluble fractions would be lower than 

in the monomeric proteins present in the soluble fractions.  

The outcomes of the OPA method are therefore indicative of a combined effect related not 

only to the degree of protein glycation, but also to the extent of protein aggregation a 

known, although too often underestimated, phenomenon, occurring during protein 

thermal treatment. To understand better the relationship between the extent of the MR 

and the functional properties of the glycated proteins it is thus important to measure other 

markers of the Maillard reaction, which is addressed in the next sections.
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Figure 3.2. (A-E) Free amino group content in different fractions of SPI-dextran (1:1) (A), SPI-

glucose (1:1) (B), SPI-dextran (10:1) (C), SPI-glucose (10:1) (D), and SPI (E) systems, as 

measured by the OPA method. The lowercase letter is for comparison among different 

fractions in the same system. The uppercase letter is for comparison of SPI and dextran 

systems within the same fraction. Different letters indicate significant differences (P < 0.05). 

(F-H) Particle size distributions of different fractions of SPI (F), SPI-dextran (10:1) (G), and 

SPI-glucose (10:1) (H).
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3.3.2 Quantification of MRPs as markers of the Maillard reaction 

3.3.2.1 Furosine 

Furosine [ϵ-N-(furoylmethyl)-l-lysine] is a specific marker for the early stages of the Maillard 

reaction, being representative of the concentration of the Amadori product glucosyl lysine 

(Erbersdobler & Somoza, 2007). As shown in Figure 3.3, furosine was present 

(approximately 0.08 mg/g protein) in unheated SPI and unheated SPI/carbohydrate mixture, 

which is in agreement with Contreras-Calderón, Guerra-Hernández, and García-Villanova 

(2008), who reported similar values (0.06–0.33 mg/g of soy isolate). The presence of 

furosine in the starting samples is probably the result of thermal treatment applied during 

the production of SPI (Zhang et al., 2019b).  

The concentration of furosine increased in all conjugates during the initial dry state heating 

(Figure 3.3); the increase being considerably higher in glucose than in dextran conjugates 

(Figure 3.3 A-D). As described earlier, glucose has more reducing ends than dextran and it 

is more reactive. 

For glucose-based systems, no substantial differences in furosine content were found 

between the different SPI/glucose weight ratios tested (1:1, 2:1 and 10:1), whereas for 

dextran-based systems, the furosine content increased with decreasing the protein-to-

dextran weight ratio (Figure 3.3 & S3.3). The molecular weight of SPI is much higher than 

that of glucose (ranging from around 200 000 to 600 000 g/mol for major SPI fractions 

(Mohamed & Morris, 1988), and 180.2 g/mol for glucose), and therefore the amount of 

glucose is already in excess and saturates the reactive sites of protein already at the lowest 

weight ratio of 10:1. This means that the protein concentration is the limiting factor for the 

formation of glucose-based Amadori compounds. Conversely, dextran (average molecular 

weight of 70 000 g/mol) has a molecular weight in the same range as that of SPI, leading to 

a higher concentration of Amadori compounds at higher dextran concentrations. In 

accordance with this, because of the large molecular weight and reactivity difference 

between both carbohydrates, the furosine content in the SPI conjugates was overall much 

lower with dextran than with glucose. 
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Figure 3.3. Furosine content in different fractions of SPI-dextran (1:1) (A), SPI-glucose (1:1) 

(B), SPI-dextran (10:1) (C), SPI-glucose (10:1) (D), and SPI (E) systems. The lowercase letter 

is for comparison among the different fractions in the same system. The uppercase letter is 

for comparison of SPI and dextran systems within the same fraction. Different letters 

indicate significant differences (P < 0.05). 
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In glucose-based systems, the furosine content decreased after the second heat treatment 

(Figure 3.3 & S3.3); this indicates that the related Amadori compounds degraded faster to 

intermediate and end products (Erbersdobler & Somoza, 2007), compared to dextran-based 

systems. This could be because the Amadori compound Nε-(1-Deoxy-D-fructos-1-yl)-L-

lysine (fructosyl-lysine) evolves in intermediate and advanced MRPs, and the glucose 

present in the system does not have many other lysines to react with, thereby decreasing 

the overall furosine concentration. In addition, since glucose and dextran are hydrophilic 

and well soluble in aqueous media, the unreacted sugar molecules could be retained more 

in the soluble fractions, which could explain that the soluble fractions had a higher reactivity 

compared to insoluble fractions. It is clear that furosine is a sensitive marker for the early 

stages of the Maillard reaction, even when carbohydrates with low reducing activity such 

as dextran are used. 

3.3.2.2 CML and CEL contents 

The advanced stages of the Maillard reaction can be assessed through advanced glycation 

end products (AGEs), such as Nε-(carboxymethyl)-L-lysine (CML), and Nε-(carboxyethyl)-L-

lysine (CEL). CML is formed mainly via two pathways: oxidation of fructosyl-lysine, and the 

direct reaction of glyoxal (GO) with lysine. CEL, a homolog of CML, is formed by the reaction 

of lysine with methylglyoxal (MGO). CEL and CML were present in the starting material 

(~0.09 and 0.08 mg/g protein, respectively) (Figure S3.4), in line with the previously 

proposed effect due to a thermal treatment applied during the production of commercial 

SPI.  

The concentrations of CML in SPI and SPI-dextran systems ranged from 7.00 to 40.4 mg/100 

g of protein, while the values of CEL ranged from 4.80 to 25.0 mg/100 g of protein. CML and 

CEL contents in SPI-glucose systems were respectively ~10 and 5 times higher than in SPI-

dextran systems, respectively. In the SPI-glucose system, CML and CEL contents could reach 

396.3 and 138.6 mg/100 g of protein. To the best of our knowledge, there has not been 

other studies reporting CML and CEL contents in SPI-based systems. However, in powdered 

soybean-based feed products, CML and CEL contents were found to be 9.94 ± 0.74 and 0.98 
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± 0.04 mg/100 g of protein, and increased to around 76 and 2.41 mg/100 g of protein, after 

being incubated at 110 °C for 60 and 45 min, respectively (Troise et al., 2015). This means 

that the concentrations of CML in SPI and SPI-dextran systems in our study was of the same 

order of magnitude as the ones reported by Troise and co-workers; while the CML and CEL 

contents in SPI-glucose systems were much higher than those reported by Troise et al. 

(2015). Glucose can directly oxidize to generate GO and MGO and further react with lysine 

to form CML and CEL, whereas dextran has first to be degraded into glucose units, then to 

be oxidized to induce GO and MGO (Figure S3.4 A-F). In addition, dehydration from C3-C4 

and C5-C6 of glucose molecules followed by retro-aldol cleavage can also generate GO 

(Yaylayan & Keyhani, 2000), which would also promote higher CML content in SPI-glucose 

systems than in SPI-dextran systems. 

3.3.2.3 Color 

During the final stage of the Maillard reaction, melanoidins, i.e., brown nitrogenous 

polymers are formed, and hence the color development is often used to get preliminary 

information on the extent of the reaction in various samples. Color formation is particularly 

relevant during the first heating step as shown in Table S3.1 for SPI and various mixtures 

with carbohydrates. Component b* that is indicative of yellowness increased in all samples 

upon heat treatment, though the increase in some dextran-based samples was not 

significant (P > 0.05). Especially in glucose-based systems, L* values (lightness) decreased 

and a* values (redness) increased, together with the results that higher color difference and 

browning index were found in glucose-based systems than in dextran-based systems, 

indicating that the Maillard reaction proceeded further in the former ones, in line with the 

concentration of the various markers presented in sections 3.3.2.1 and 3.3.2.2. These 

results corresponded with those reported previously where glycation of SPI with gum acacia 

or soy hull hemicelluloses resulted in an increase in a* and b* values and decrease in L* value, 

and these authors attributed the development of brown color to the formation of brown 

polymers at the final stage of Maillard reaction (Li et al., 2015; Wang, Wu, & Liu, 2017). 
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3.3.2.4 Protein-bound carbonyl content 

Maillard reaction generates α-dicarbonyl compounds that can also induce the deamination 

of amino acids, resulting in the oxidative damage of protein (Estévez, 2011). Protein-bound 

carbonyls are typically used as biomarkers of protein carbonylation. 

The initial carbonyl content in SPI was relatively high, ~12 mmol/kg of protein before heat 

treatment (Figure 3.4E). After the first heat treatment, the protein-bound carbonyl content 

of SPI-dextran systems was not significantly different (P > 0.05) from that of SPI (control), 

whereas SPI-glucose systems had 3-5 fold higher content than SPI (Figure 3.4 & S3.5). Liu, 

Xiong, and Butterfield (2000) reported a lower carbonyl level (6.4 mmol/kg of protein) for 

SPI, which is probably due to different processing methods used. In fact, they used freeze-

dried SPI whereas the commercial SPI used in this study was prepared by spray drying; the 

latter being known to induce protein oxidation (Duque-Estrada et al., 2020). Carbonylation 

of proteins may occur via different pathways: first, oxidative deamination of amino acid side 

chains (e.g., lysine, arginine, threonine, and proline) via radical-mediation (Estévez, 2011). 

Second, α-dicarbonyl compounds formed by the Maillard reaction and/or sugar 

autoxidation may induce oxidative deamination (Akagawa, Sasaki, & Suyama, 2002). In the 

SPI-glucose systems, the MR was more intense, leading to more Amadori products and α-

dicarbonyl compounds (section 3.3.2.), which eventually resulted in more severe protein 

oxidation. 

Furthermore, we observed the simultaneous formation of CML, CEL, and protein-bound 

carbonyls (Table S3.2), which confirms that protein glycation and oxidation are intertwined. 

α-Aminoadipic semialdehydes (a typical protein oxidation product) can react with lysine 

residue through Schiff base formation or aldol condensation to form inter- and intra-

molecular cross-links (Akagawa et al., 2002), indicating that protein oxidation is important 

in AGEs formation. Carbonylation of proteins is therefore only partially related to the MR 

development: therefore, in some food systems it is possible to find a correlation between 

the extent of protein carbonylation and the concentration of MRPs (like in this study) but in 

other systems for instance in fat-rich foods the two phenomena are rather separated.  
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Figure 3.4. Protein-bound carbonyl contents in different fractions of SPI-dextran (1:1) (A), 

SPI-glucose (1:1) (B), SPI-dextran (10:1) (C), SPI-glucose (10:1) (D), and SPI (E) systems. The 

lowercase letter is for comparison of different fractions in the same system. The uppercase 

letter is for comparison of SPI and SPI-glucose systems within the same fractions. Different 

letters indicate significant differences (P < 0.05). 
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3.3.3 Conformational changes 

3.3.3.1 Surface hydrophobicity (H0) analysis 

Protein surface-exposed hydrophobicity is used to identify conformation changes, and is 

closely related to emulsifying and foaming properties of proteins. Upon dry heating at 60 °C, 

the surface hydrophobicity of SPI, SPI-dextran (10:1) and SPI-glucose (10:1) samples 

decreased by around 51%, 54%, and 67%, respectively (Figure 3.5). The decrease in surface 

hydrophobicity could be due to the following reasons. (I) Covalent binding of the hydrophilic 

carbohydrates (i.e., dextran and glucose) to lysine residues via the Maillard reaction 

reduced the surface hydrophobicity of proteins; glucose being more potent than dextran 

because SPI-glucose system contained more hydrophilic AGEs and melanoidins (section 

3.3.2.2 and 3.3.2.3) (Chen, Chen, Wu, & Yu, 2016). (II) Glycation influences the isoelectric 

point of the protein, eliminating one positive charge on the free amino group, which 

reduces the repulsion among equally charged molecules (Davidov-Pardo, Joye, Espinal-Ruiz, 

& McClements, 2015). (III) Protein aggregation (see section 3.3.1) that would reduce the 

exposure of hydrophobic sites on the protein surface.  

In contrast with the first dry heating step, the second wet heating step has an opposite 

effect on surface hydrophobicity; a large increase in surface hydrophobicity was found for 

insoluble fractions of SPI and SPI-dextran systems (Figure 3.5 A&B). This can be caused by 

(i) exposure of hydrophobic groups due to partial protein unfolding, and (ii) dissociation of 

SPI aggregates, therewith exposing hydrophobic groups that were previously hidden inside. 

These samples also showed relatively high free amino group content as discussed earlier 

(section 3.3.1).  

On the other hand, insoluble SPI-glucose systems did not show a change in surface 

hydrophobicity after the second heat treatment (Figure 3.5C); most likely their high degree 

of glycation, and thus advanced, covalently modified reaction products, lead to a system 

with irreversibly formed protein aggregate (section 3.3.2). 
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Figure 3.5. (A-C) Protein surface-exposed hydrophobicity of SPI (A), SPI-dextran (10:1) (B), 

and SPI-glucose (10:1) (C) systems. The lowercase is for comparison among different 

fractions in the same system. The uppercase is for comparison among different systems 

with the same fraction. Different letters indicate significant differences (P < 0.05). (D-F) 

Emission fluorescence spectra (λex: 285 nm) in aqueous dispersions for SPI (D), SPI-dextran 

(10:1) (E), and SPI-glucose (10:1) (F) systems. 

3.3.3.2 Intrinsic fluorescence analysis 

To detect tertiary protein structure changes, the intrinsic fluorescence spectrum was 

determined. Depending on the microenvironment, the maximum emission (λm) can vary 

from 310 to 360 nm. When λm is lower than 330 nm, tryptophan (Trp) is considered to be 

in a nonpolar environment, while at λm >330 nm, it is in a polar environment (Vivian & Callis, 

2001). We found a λm of SPI of 333 nm (Figure 3.5D), which is characteristic of a polar 

environment; similar results were reported by Shen & Tang (2012) who found 335.6 nm. 

Upon the first dry heat treatment, the fluorescence intensity of SPI, SPI-dextran, and SPI-

glucose conjugates decreased (Figure 3.5 & Table S3.3). The second heat treatment at 95 °C 

resulted in a huge increase in fluorescence intensity of insoluble fractions (heated pellet 
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and heated retentate) for SPI and SPI-dextran systems (Figure 3.5 C&D), and in a small 

increase for SPI-glucose systems (Figure 3.5E), which is in agreement with the surface 

hydrophobicity results. The decrease in intensity after the first heat treatment can be 

attributed to the aggregation of proteins, which shielded Trp residues in all samples. The 

shielding effect was more prominent in SPI-carbohydrate conjugates than dry heated SPI. It 

could be because the β-conglycinin and glycinin contain around 8 Trp residues located close 

to lysine residues (Keerati-u-rai, Miriani, Iametti, Bonomi, & Corredig, 2012), and 

carbohydrate molecules that react with those lysine residues via the Maillard reaction may 

block the fluorescent signal. No shift in λm was observed indicating that mild heat treatment 

(60 °C) did not greatly disrupt the protein structure. The second heat treatment may have 

caused unfolding of proteins and/or aggregate disassociation, thus exposing more 

hydrophobic groups leading to an increase in fluorescence intensity. Unfolding and 

dissociation of aggregates are less relevant for SPI-glucose systems, as argued in the 

previous section. 

A slight blue shift of λm was observed for the insoluble fractions, indicating that the Trp 

residues were now present in a more nonpolar environment, for example within the 

hydrophobic core of aggregates. In the soluble fractions (supernatant, heated supernatant, 

and filtrate) there was a red shift of λm to 363-367 nm (Figure 3.5 & Table S3.3) indicative 

of a more polar environment, although the overall effect was very low compared to that 

found for insoluble fractions. 

3.3.4 Interfacial tension Changes 

Changes in the chemical and structural properties of proteins will affect their interfacial 

properties, herein assessed through interfacial tension measurements at the stripped 

rapeseed oil-water interface, and presented as semi-log plots (Figure 3.6). Protein 

adsorption can be divided into three stages (Beverung, Radke, & Blanch, 1999): (i) proteins 

diffuse from the bulk to the interface, and interfacial tension remains constant or decreases 

slightly during this so-called lag phase; (ii) as the interface gets covered with proteins, the 

interfacial tension decreases strongly while proteins may undergo conformational changes, 
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rearrange and reorient; during stage (iii) protein molecules continue to change 

conformation and form a viscoelastic film, leading to a small decrease in interfacial tension.  

The interfacial tension between stripped rapeseed oil and water was first confirmed to be 

stable at around 30 mN/m; no surface-active species were present (Figure S3.6). In the 

presence of any of the samples (Figure 3.6), interfacial tension progressively decreased, but 

no equilibrium was reached within 7200 s. The soluble fractions (i.e., supernatant, heated 

supernatant, and filtrate) had a shorter lag phase and decreased the interfacial tension 

faster than the insoluble fractions (e.g., pellet, retentate), indicating faster adsorption, 

which is logical given their smaller size (Figure 3.1 F-H), and expected ease of orientation at 

the interface. Conversely, insoluble fractions (pellet and retentate) had a larger particle size 

(Figure 3.1 F-H), and thus diffusion took more time. Furthermore, the insoluble fractions 

that were subjected to the second heat treatment (i.e., heated pellet and heated retentate) 

decreased interfacial tension slightly faster than the same samples without this treatment, 

which may be indicative of improved interfacial orientation due to higher exposed 

hydrophobicity (section 3.3).  

Protein glycation via the Maillard reaction was previously shown to improve the interfacial 

activity of soy β-conglycinin (Zhang, Wu, Yang, He, & Wang, 2012); however, in the present 

research, we only found small changes. Conjugation with dextran slightly increased the 

surface activity of SPI, but this was not the case with glucose (Figure 3.6 B&C). Since the 

extent of MR was high in the SPI-glucose system (section 3.2), a large number of hydrophilic 

sugars were attached to the protein molecules, which decreased the surface hydrophobicity 

(Figure 3.5C). For the dextran system, less glycation took place, and the molecule was more 

hydrophobic. This could explain the difference in surface behavior. However, also more 

protein aggregates appeared in the SPI-glucose systems than in the SPI-dextran systems 

(section 3.1), which can also have reduced the observed surface activity. The surface activity 

can be changed using different fractions of glycated SPI results from different treatments 

(e.g., water-soluble and insoluble, dry and wet heating). This stresses the relevance of our 

research, and thus the importance of characterizing components used for emulsion 
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formulation, and that we found to hugely vary depending on the treatment that they 

received (even as a raw material). 

 

Figure 3.6. Adsorption kinetics of the insoluble fractions (left) and soluble fractions (right) 

of SPI (A), SPI-dextran (10:1) (B), and SPI-glucose (10:1) (C) systems at the oil-water interface 

as a function of time (log scale). For clarity, only one representative curve is shown per 

sample, but similar results were obtained on multiple measurements using independent 

duplicates. 
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3.4 Conclusion 

The decrease in free amino groups upon protein glycation measured with OPA method was 

modulated by protein structural changes and should thus be interpreted with caution. Dry 

and subsequent wet heat treatment differently affect the protein products: dry heating of 

SPI and carbohydrate led to both protein glycation (as evidenced by the increase in furosine, 

CML, CEL, and protein-bound carbonyls) and protein aggregation (as evidenced by the 

decrease in free amino groups in SPI); while the subsequent wet heating above the 

denaturation temperature of SPI induced proteins to unfold and de-aggregate. 

The surface activity of the fractions can be related to the surface hydrophobicity 

(fluorescence), with water-soluble fractions showing higher activity than insoluble fractions, 

as would be the case for dextran conjugates compared to their glucose counterparts. Heat 

treatment of the insoluble dextran fractions obtained after the Maillard reaction slightly 

improved surface hydrophobicity, and ability to lower surface tension due to unfolding and 

disaggregation most probably, but this was not the case for glucose conjugates that 

remained aggregated.  

Therefore, on one hand, it is recommended to fractionate the complex reaction mixture for 

analyzing it thoroughly using specific Maillard reaction markers, instead of the very general 

OPA method; on the other hand, it is useful to link the chemical information to the 

functionality of different fractions. Based on this analysis, a comprehensive understanding 

of the properties in each SPI fraction can be obtained, and a rational design of e.g., food 

emulsions and foams using different fractions of glycated plant proteins can be achieved. In 

this way, effective utilization of each fraction can be achieved to minimize losses of precious 

materials. 
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Supplementary materials 

 

Figure S3.1. SDS-PAGE patterns (reducing conditions) for SPI-dextran (1:1) (A), SPI-glucose 
(1:1) (B), SPI-dextran (2:1) (C), SPI-glucose (2:1) (D), SPI-dextran (10:1) (E), SPI-glucose (10:1) 
(F), and SPI (G) systems. For A, B, and E, lane: 1, protein marker; 2, mixture; 3, conjugate; 4, 
pellet; 5, supernatant; 6, retentate; 7, filtrate; 8, heated pellet; 9, heated supernatant; 10, 
heated retentate. For C, lane: 1, protein marker; 2, mixture; 3, conjugate; 4, pellet; 5, heated 
pellet; 6, supernatant; 7, heated supernatant; 8, retentate; 9, heated retentate; 10, filtrate. 
For D, lane: 1, mixture; 2, conjugate; 3, pellet; 4, protein marker; 5, retentate; 6, 
supernatant; 7, heated supernatant; 8, heated pellet; 9, heated retentate; 10, filtrate. For 
F, lane: 1, mixture; 2, conjugate; 3, protein marker; 4, pellet; 5, supernatant; 6, retentate; 7, 
filtrate; 8, heated pellet; 9, heated supernatant; 10, heated retentate. For G, lane: 1, SPI; 2, 
dry heated SPI; 3, protein marker; 4, pellet; 5, supernatant; 6, retentate; 7, filtrate; 8, heated 
pellet; 9, heated supernatant; 10, heated retentate. 
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Figure S3.2. Free amino group contents in different fractions of SPI-dextran (2:1) (A) and 

SPI-glucose (2:1) (B) systems. The lowercase is for comparison among different fractions in 

the same system. The uppercase is for comparison of SPI and dextran systems within the 

same fraction. Different letters indicate significant differences (P < 0.05). 

 

 

Figure S3.3. Furosine content in different fractions of SPI-dextran (2:1) (A) and SPI-glucose 

(2:1) (B) systems. The lowercase is for comparison among different fractions in the same 

system. The bold italic uppercase is for comparison of SPI and dextran systems within the 

same fraction. The normal uppercase is for comparison of SPI and glucose systems within 

the same fraction. Different letters indicate significant differences (P < 0.05). 
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Figure S3.4. Nε-(carboxymethyl)-L-lysine (CML) and Nε-(carboxyethyl)-L-lysine (CEL) 
contents in different fractions of SPI-dextran (1:1) (A), SPI-glucose (1:1) (B), SPI-dextran 
(2:1) (C), SPI-glucose (2:1) (D), SPI-dextran (10:1) (E), SPI-glucose (10:1) (F) , and SPI (G) 
systems. The lowercase is for comparison among different fractions in the same system. 
The bold italic uppercase is for comparison of SPI and dextran systems within the same 
fraction. The normal uppercase is for comparison of SPI and glucose systems within the 
same fraction. Different letters indicate significant differences (P < 0.05). 
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Figure S3.5. Protein-bound carbonyl contents in different fractions of SPI-dextran (2:1) (A) 

and SPI-glucose (2:1) (B) systems. The lowercase is for comparison among different 

fractions in the same system. The bold italic uppercase is for comparison of SPI and 

dextran systems within the same fraction. The normal uppercase is for comparison of SPI 

and glucose systems within the same fraction. Different letters indicate significant 

differences (P < 0.05). 

 

Figure S3.6. Interfacial tension of the stripped oil-water interface in the absence of protein 

as a function of time (log scale). 

Time (s)
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Abstract 

Food emulsions with a high omega-3 polyunsaturated fatty acid content are desirable from 

a nutritional point of view. However, such products are particularly prone to lipid oxidation 

and have thus a limited shelf-life. The use of natural antioxidants is a promising and 

consumer-oriented strategy to counteract lipid oxidation. The addition of an excess of 

proteins to the continuous phase may be considered in that respect.  

Starting emulsions were prepared with either Tween 20 (a nonionic surfactant) or whey 

protein isolate (WPI). They were then supplemented with non-modified or dextran-glycated 

soy protein isolate (SPI) added to the continuous phase. As controls, emulsions with excess 

WPI or unreacted SPI/dextran mixture were also prepared. The addition of these 

compounds did not significantly affect the physical stability of emulsions, while the lipid 

oxidation inhibition capacity was, starting from the highest, in the order glycated SPI 

mixture ≈ SPI/dextran mixture > SPI > WPI. This suggests that SPI ingredients and dextran 

hold potential for mitigating lipid oxidation in emulsions. The antioxidant mechanisms 

involved include iron-binding and free radical-scavenging activities; the former effect is 

predominant by preventing transition metals from approaching the oil-water interface. 

Furthermore, compared to WPI-stabilized emulsions, the antioxidant potential of excess 

proteins is boosted in Tween 20-stabilized emulsions. Interaction of surfactants with 

proteins could lead to a conformational change of proteins, which could increase their 

ability to bind molecules involved in the reaction cascade. This study shows that it is possible 

to tune emulsions towards greater oxidative stability by adjusting protein localization and 

continuous phase composition, which reduces the need for synthetic antioxidants.  
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4.1 Introduction 

There is an increasing trend in fortifying food products with health-promoting omega-3 

polyunsaturated fatty acids (EFSA Panel on Dietetic Products and Allergies (NDA), 2010). 

This is often challenging because these components are highly sensitive to oxidation 

(McClements & Decker, 2018). Lipid oxidation generates off-flavors and forms products 

with questionable health effects, such as lipid peroxides or malondialdehyde, and thus 

deteriorates the sensory and nutritional quality of foods (Addis, 1986; Villière et al., 2007). 

A feasible strategy to counteract lipid oxidation is to use antioxidants. Several effective 

synthetic antioxidants (e.g., butylated hydroxytoluene (BHT), ethylenediamine tetraacetic 

acid (EDTA)) have already been employed, but this is less and less desired by consumers 

(McClements & Decker, 2000; Pokorný, 2007). There is thus a strong incentive to use natural 

antioxidants (e.g., tocopherols), although their efficiency is often not optimal (Pokorný, 

2007; Ragnarsson et al., 1977). Other currently dominating trends in food formulation 

include the clean-label trend, which strives for minimizing the use of food additives; and the 

rising interest in plant-derived ingredients (Berton-Carabin & Schroën, 2019). 

In this framework, plant-based ingredients that are inherently part of conventional food 

emulsion formulation would be ideal candidates. Here, we focused on the use of proteins 

since they can inhibit lipid oxidation by multiple mechanisms, including scavenging free 

radicals, chelating transition metals, and inactivating reactive oxygen species (Elias et al., 

2008). Protein antioxidant activity is affected by multiple factors, such as molecular 

properties, charge, and location. Some amino acids (e.g., histidine, tryptophan, methionine, 

and glutamic acid) can act as metal chelators and/or free-radical scavengers; depending on 

charge and localization of proteins, they may exhibit different effects on lipid oxidation. For 

instance, negatively charged proteins adsorbed at the interface may bring cationic metal 

ions in close proximity to lipids, which favors lipid oxidation; while those remaining in the 

continuous phase may bind metal ions and prevent them from approaching the interface, 

which retards lipid oxidation (Gumus et al., 2017). Non-adsorbed proteins present in the 

continuous phase of emulsions have been consistently reported to prevent or delay lipid 

93

Antioxidant potential of non-modified and glycated soy proteins in the continuous phase

4



Antioxidant potential of non-modified and glycated soy proteins in the continuous phase 

 

91 
 

oxidation (Dong et al., 2011; Elias et al., 2005; Faraji et al., 2004; Gumus et al., 2017; Shi et 

al., 2019). For instance, whey protein isolate (WPI)-stabilized emulsions where the 

unadsorbed WPI was removed were less oxidatively stable than those where unadsorbed 

WPI was not removed (Faraji et al., 2004). Similarly, Elias and co-workers reported that β-

lactoglobulin in the continuous phase of O/W emulsions, even a low concentration, could 

inhibit lipid oxidation. This is probably due to the free radical scavenging activity of the free 

cysteine and tryptophan residues in β-lactoglobulin (Elias et al., 2005). 

Moreover, an interesting approach to improve protein antioxidant activity is their 

derivatization via the Maillard reaction (MR). The latter is a set of chemical reactions 

involving the condensation between amino compounds and reducing sugars that occur 

during heat treatment of products (Hodge, 1953). Glycated proteins have been shown to 

exhibit higher antioxidant activity (such as reducing power and radical scavenging activity) 

than initial proteins (Liu et al., 2014). The reasons for this can be (i) the electron donating 

ability of the exposed amino groups (e.g., tryptophan, tyrosine, valine, and phenylalanine) 

as a result of protein denaturation during glycation and (ii) the hydrogen donating ability of 

some intermediate or final MRPs (e.g., reductones and melanoidins) (Khadidja, Asma, 

Mahmoud, & Meriem, 2017; Q. Liu, Li, Kong, Jia, & Li, 2014; Nasrollahzadeh, Varidi, 

Koocheki, & Hadizadeh, 2017; Sproston & Akoh, 2016). Moreover, their use as emulsifiers 

has been reported to better protect lipids against oxidation compared to the original 

proteins, which might be attributed to their improved antioxidant capacity and/or physical 

barrier properties (Cermeño et al., 2019; Shi et al., 2019). Yet, the potential of glycated 

proteins to inhibit lipid oxidation when present in the aqueous phase of emulsions is not 

clear yet. For instance, Dong and co-workers observed that casein peptides glycated with 

glucose did not protect lipids against oxidation when present in the continuous phase of 

emulsions (Dong et al., 2011, 2012). 

The current research aimed to assess the ability of soy protein ingredients, added to the 

continuous phase of pre-formed O/W emulsions, to prevent lipid oxidation. The 

experiments were designed to disentangle any mixed effect of the continuous phase and 

94

Chapter 4



 Chapter 4 

92 
 

interfacial protein ingredients, and to understand the potential of such ingredients as 

natural antioxidants. To achieve this, starting O/W emulsions stabilized by common 

emulsifiers (Tween 20 or whey protein isolate (WPI)) were prepared such that minimal 

amounts of excess emulsifier remained in the continuous phase. They were supplemented 

with non-modified or dextran-glycated soy protein isolate (SPI) added to the continuous 

phase. Emulsions with excess WPI or unreacted SPI/dextran mixture were also investigated. 

The emulsions’ physical stability and lipid oxidation were monitored during storage.  

4.2 Materials and methods 

4.2.1 Materials 

Soy protein isolate (SPI, 79.14 ± 0.66%, N × 5.71; SUPRO® 500E) was supplied by Solae (St 

Louis, MO, USA). Whey protein isolate (WPI, 88.11 ± 1.15%, N × 6.25) was obtained from 

Davisco (Lancy, Switzerland). Protein concentration was determined by Dumas 

(Interscience Flash EA 1112 series, Thermo Scientific, Breda, The Netherlands). Refined 

rapeseed oil was purchased from a local supermarket (Wageningen, the Netherlands) and 

stripped using alumina powder (Alumina N, Super I, EcoChrome™, MP Biomedicals, France) 

to remove impurities and tocopherols (Berton et al., 2011). The free fatty acid composition 

of the stripped rapeseed oil was measured according to the method described earlier 

(Christie, 1989), and the results is reported in Table S4.1. The hydroperoxide concentration 

and para-anisidine value of the stripped oil were 0.26 ± 0.08 meq/oil kg and 0.14 ± 0.07, 

respectively. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 12% 

Mini-PROTEAN® TGX™ precast gels (10 well, 30 μl/well), 2× Laemmli sample buffer 

(#1610737), 10× Tris/Glycine/SDS buffer (#1610772), precision plus proteinTM standards 

(dual color), and Bio-safeTM Coomassie stain (#1610787) were obtained from Bio-Rad 

(Richmond, CA, USA). For lipid oxidation analysis, iron(II) sulfate heptahydrate (FeSO4·7H2O), 

cumene hydroperoxide solution (80%), n-hexane, sodium chloride (NaCl), para-anisidine 

were purchased from Sigma-Aldrich (Saint Louis, MO, USA); hydrochloric acid (37%), acetic 

acid (glacial), barium chloride dihydrate (BaCl2·2H2O), ammonium thiocyanate (NH4SCN), 2-

propanol, 1-butanol were obtained from Merck Millipore (Merck, Germany); methanol was 
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purchased from Actu-All Chemicals B.V. (Oss, The Netherlands). Dextran from Leuconostoc 

spp. (a branched glucan composed of linear α (1→6) linked glucose units and α (1→3) link 

initiated branches, MW ~70 kDa), Tween® 20, sodium phosphate dibasic (Na2HPO4), sodium 

phosphate monobasic dihydrate (NaH2PO4·2H2O), potassium sorbate, sodium dodecyl 

sulfate (SDS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), L-ascorbic acid, 3-(2-pyridyl)-5,6-di(2-

furyl)-1,2,4-triazine-5′,5′′-disulfonic acid disodium salt (ferene), ammonium iron(II) sulfate 

hexahydrate, and 2-mercaptoethanol were purchased from Sigma-Aldrich (Saint Louis, MO, 

USA). Ethanol (95%) was obtained from Merck Millipore (Merck, Germany). Potassium 

bromide and sodium acetate were supplied by VMR (Radnor, PA, USA). The chemicals used 

were all of at least of analytical grade. Ultrapure water prepared by a Milli-Q system 

(Millipore Corporation, Billerica, Massachusetts, US) was used for all the experiments unless 

otherwise stated. 

4.2.2 Preparation of glycated soy protein isolate mixture 

SPI/dextran solution was prepared by mixing 5 wt% SPI and 5 wt% dextran in a weight ratio 

of 1:1, following by being hydrated overnight at 4 °C. The solution was then freeze-dried. 

This dried sample was milled using a Fritsch ball mill (Fritsch, Oberstein, Germany) and 

incubated at 60 °C for 24 h in a desiccator with a relative humidity of 79% to prepare 

glycated SPI mixture. The obtained glycated SPI mixture were subsequently stored at -20 °C 

until further use.  

The free amino group content (measured by the o-phthaldialdehyde method), and furosine, 

Nε-(carboxymethyl)-L-lysine (CML), and Nε-(carboxyethyl)-L-lysine (CEL) contents 

(measured by liquid chromatography/mass spectrometry) of the glycated SPI mixture were 

around 0.44 mol/g protein, 0.83 mg/g protein, 0.13 mg/g protein, and 0.06 mg/g protein, 

respectively. Those contents for the starting SPI were around 0.77 mol/g protein, 0.08 mg/g 

protein, 0.07 mg/g protein, and 0.05 mg/g protein, respectively. Detailed physical and 

chemical properties of the glycated SPI mixture (and the starting SPI) can be found in our 

previous work (Feng et al., 2021). 
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4.2.3 Preparation of O/W emulsions 

A scheme of the emulsions prepared for this study is shown in Figure 4.1. To prepare stock 

emulsions, emulsifiers (Tween 20 and WPI) were separately dispersed in sodium phosphate 

buffer (10 mM, pH 7.0) and stirred overnight at 4 °C to ensure complete solubilization. Stock 

O/W emulsions were prepared by homogenizing 20 wt% rapeseed oil, 79 wt% sodium 

phosphate buffer (10 mM, pH 7.0) and 1 wt% emulsifier (Tween 20 or WPI) using a rotor-

stator homogenizer (Ultra-turrax IKA T18 basic, Germany) operating at 11,000 rpm for 1 min, 

followed by further droplet size reduction with a M-110Y Microfluidizer equipped with a 

F12Y interaction chamber (Microfluidics, Massachusetts, USA), for five passes at 800 bar. 

The thermostated tank of the instrument was filled with an ice bath to minimize oxidation 

during the process. 

Prior to adding excess protein compounds to the stock emulsion, a pre-homogenization step 

was applied to breakup large protein aggregates and improve dispersibility. In brief, WPI, 

SPI, SPI/dextran mixture (1:1, w/w) as well as glycated SPI mixture were dispersed in 10 mM 

sodium phosphate buffer (pH 7.0) with a concentration of 0.50 wt% and placed at 4 °C 

overnight for full hydration. The suspensions were then passed through a lab-scale colloid 

mill (IKA Magic Lab, Staufen, Germany) with a gap width of 0.32 mm (26,000 rpm, 2 × 1.5 

min with 20 s intervals). The molecular weight distribution of the obtained samples was 

analyzed with SDS-PAGE (section 4.2.5). 

A portion of the stock emulsions was diluted with buffer or aforementioned homogenized 

protein suspensions (WPI, SPI, SPI/dextran mixture or glycated SPI mixture) to achieve the 

final desired concentrations of 10 wt% rapeseed oil, 0.5 wt% emulsifiers (Tween 20 or WPI), 

and 0.25 wt% excess protein compounds. To prevent microbial growth, 0.35 wt% and 0.225 

wt% of potassium sorbate were added to the Tween 20- and WPI-stabilized emulsions, 

respectively.  

Finally, Tween 20- or WPI-based emulsions were partitioned as 2-g aliquots in capped glass 

tubes (KIMAX®, 16 x 125 mm) or polypropylene tubes (Eppendorf®, 15 x 120 mm), 
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respectively. These tubes were then rotated at 2 rpm in the dark at 40 °C for 70 h (SB3 

rotator, Stuart, Staffordshire, UK). 

 

 

Figure 4.1. Scheme of preparation of different emulsions. 

4.2.4 Collection of interface components 

Collection of proteins adsorbed at the interface in the emulsions was performed according 

to the method described by Hinderink and co-workers (Hinderink et al., 2019). In short, 

fresh emulsions were centrifuged at 15,000×g for 1.5 h to separate the continuous phase 

from oil droplets. The cream phase (oil droplets) was collected, re-dispersed in 1% SDS, and 

centrifuged again as earlier. The interfacial proteins were displaced by SDS and therefore 

present in the aqueous subnatant obtained after this second centrifugation. The subnatant 

was then collected for protein composition analysis (section 4.2.5). 

4.2.5 SDS-PAGE 

Proteins present in the excess dispersions and at the interface (obtained from sections 4.2.3 

and 4.2.4, respectively) were analyzed by SDS-PAGE using a Mini-PROTEANe Tetra system 
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(Bio-Rad, Richmond, CA, USA) under reducing conditions. Prior to analysis, the protein 

concentration of these samples was measured using a PierceTM BCA protein assay kit 

(Thermo Scientific, Rockford, IL, USA). Mixtures of 0.2 w/v% protein sample and Laemmli 

sample buffer (containing 5 v% β-mercaptoethanol) at a volume ratio of 1:1 were heated at 

95 °C for 5 min on an Eppendorf ThermoMixer® C heating block (Eppendorf, Hamburg, 

Germany). Then, pre-stained protein standard (10 μL) and treated samples (20 μL) were 

loaded onto Mini-PROTEAN gels. Electrophoretic separation was carried out at a constant 

voltage of 200 V for around 30 min. Subsequently, gels were stained using Coomassie G-250 

for 1 h and de-stained with ultrapure water overnight. Finally, these gels were scanned on 

a GS-900TM calibrated densitometer (Bio-rad, USA) and analyzed with Image Lab 5.2.1 

software (Bio-Rad, USA). 

4.2.6 Physical properties of emulsions 

Physical characterization of emulsions was performed immediately after emulsification and 

after 70 h incubation. 

4.2.6.1 Droplet size distribution 

The droplet size distribution of emulsions was measured by static light scattering 

(Mastersizer 3000, Malvern Instruments, Worcestershire, UK). The refractive indices of 

rapeseed oil and water were set to 1.473 and 1.33, respectively. The absorption index was 

set to 0.01. 

4.2.6.2 Light microscopy 

The microstructure of emulsions was observed using an optical microscope Carl Zeiss Axio 

Scope A1 (Oberkochen, Germany). Before the analysis, the emulsions were gently mixed. A 

drop (5 μL) of sample was carefully transferred onto a glass microscopy slide and covered 

with a coverslip. The emulsions were observed at a magnification of 40 ×. 

4.2.6.3 Droplet surface charge 

The droplet surface charge of emulsions was determined using dynamic light scattering 

(Zetasizer Ultra, Malvern Instruments, Worcestershire, UK). Emulsions were diluted 1,000 
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times in sodium phosphate buffer (10 mM, pH 7.0) prior to the measurement to minimize 

multiple scattering effects. The samples were placed in a disposable cuvette (DTS 1080) and 

analyzed at 20 °C. Zeta-Potential was automatically calculated by using ZS Xplorer software 

according to the Smoluchowski model. 

4.2.7 Lipid oxidation in emulsions 

The oxidative stability of emulsions was analyzed by measuring the primary (lipid 

hydroperoxides) and secondary (aldehydes) reaction products over incubation. 

4.2.7.1 Lipid hydroperoxides 

Lipid hydroperoxides were measured according to a method adapted from Shanta and 

Decker (1994). First, 0.3 mL emulsion was mixed with 1.5 mL n-hexane/2-propanol (3:1, v/v). 

Then, this mixture was vortexed 3 x 10 s with 20 s intervals and centrifuged at 14,600 rpm 

for 2 min. Subsequently, 0.2 mL of the upper organic phase was added to 2.8 mL of the 

methanol/1-butanol (2:1, v/v), followed by reacting with 3.94 M ammonium 

thiocyanate/ferrous iron solution (1:1, v/v; 30 μL). The solution was vortexed and reacted 

for 20 min, and the absorbance measured at 510 nm using a DU 720 UV–visible 

spectrophotometer (Beckman Coulter, Woerden, the Netherlands). The lipid hydroperoxide 

concentration was calculated using a cumene hydroperoxide standard curve. 

4.2.7.2 Aldehydes 

Total aldehydes as measured by the para-anisidine value (pAV) were quantified using the 

AOCS Official Method CD 18-90 (AOCS, 1998). Briefly, 2.1 mL emulsion were mixed with 1 

mL saturated sodium chloride solution and 5 mL n-hexane/2-propanol (3:1, v/v). The 

mixture was vortexed 3 x 10 s with 20 s intervals and centrifuged at 2,000×g for 8 min. The 

absorbance of 1 mL of the clear upper hexane layer (Ab) was measured at 350 nm using 

hexane as a blank. One milliliter of this upper layer or hexane was mixed with 0.2 mL of 2.5 

g/L para-anisidine in acetic acid solution. After exactly 10 min, the absorbance (As) was 

measured at 350 nm, using hexane with para-anisidine solution as a blank. The pAV was 

calculated using Eq. (4.1): 
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𝑝𝑝𝑝𝑝𝑝𝑝 𝑝 𝑝1.2 × 𝐴𝐴𝑠𝑠 𝑠 𝐴𝐴𝑏𝑏
𝑚𝑚  (4.1) 

where m is the mass of oil per milliliter hexane (g/mL). 

4.2.8 Antioxidant activity of protein samples 

To investigate the possible antioxidant mechanisms of the tested protein materials, their 

capacities for radical scavenging and iron binding were investigated. 

4.2.8.1 DPPH radical scavenging activity 

The DPPH radical scavenging activity of the continuous phase proteins was determined 

according to the methodology described by Yen & Hsieh with some modifications (Yen & 

Hsieh, 1995). An aliquot (1 mL) of 2.5 g/L protein-based compounds or dextran was mixed 

with 1 mL of 200 µM DPPH in ethanol. The mixture was vortexed vigorously and incubated 

in the dark at room temperature for 30 min, followed by filtration using syringe filters (PVDF, 

0.45 Millipore, Billerica, MA, USA). The absorbance of the filtrate (As) was measured at 517 

nm using ethanol as the blank. The percentage of DPPH radical scavenging activity (%) was 

calculated according to Eq. (4.2): 

DPPH radical scavenging activity (%) 𝑝 �1 𝑠 𝐴𝐴𝑠𝑠 𝑠 𝐴𝐴𝑏𝑏
𝐴𝐴𝑐𝑐 � × 1��% (4.2) 

where Ac is the absorbance of the solution containing 1 mL of ultrapure water and 1 mL of 

DPPH in ethanol solution, and Ab is the absorbance measured for the protein-based 

compounds mixed with ethanol in the same ratio as used for As. 

4.2.8.2 Iron binding capacity 

Iron binding capacity was determined based on the method of Hennessy, Reid, Smith, and 

Thompson (1984). Protein or dextran samples (2.5 g/L) were added to known amounts of 5 

g/L ferrous iron solution. The solutions were left for 24 h at 20 °C, followed by filtration 

using ultracentrifugation tubes (cut-off 10 kDa). Five hundred microliters of the filtrate were 

mixed with 0.5 mL dissociating agent (containing 0.5 M L-ascorbic acid and 1.4 M acetic acid 

buffer (pH 4.5); 1:1, v/v) and 0.1 mL of 6 mM ferene solution. After 5 min, the absorbance 
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of the mixed solutions was measured at 593 nm. The Fe2+ concentration was determined 

using a calibration curve based on ferrous sulfate hexahydrate solutions (1-10 mg/L). The 

amount of bound iron (µg per mg of protein) was calculated by subtraction of the amount 

of unbound iron to the total amount of iron added. 

4.2.9 Experimental design and statistical analysis 

All measurements were performed on at least two independent samples of which each was 

analyzed at least three times. The data reported herein are mean values ± standard 

deviation of all the measurements. Statistical analysis was conducted on IBM SPSS statistics 

23.0.0.2 (SPSS Inc, Chicago, Illinois, USA) using student’s t-test and one-way analysis of 

variance (ANOVA) with Tukey’s post-hoc test. Differences at P < 0.05 were considered 

significant unless otherwise stated. 

4.3 Results and discussion 

4.3.1 Protein composition of the continuous phase proteins  

Commercial protein isolates often contain aggregates; therefore, a pre-homogenization 

step was applied to improve dispersibility and hydration. The resulting size distribution and 

composition can be found in Figure 4.2. Before homogenization, the WPI solution had a 

monomodal size distribution with an average diameter (D[3,2]) around 0.66 μm (Figure 

4.2A), which is considerably larger than the individual proteins present, which are typically 

in the 1-5 nm range (Zhang et al., 2014). This indicates that aggregates are present. The SPI 

solution showed a bimodal size distribution, whereas glycated SPI mixture solution had only 

a larger peak (Figure 4.2A). Upon homogenization, there was a considerable size reduction 

for all samples (Figure 4.2A). The D[3,2] values of WPI, SPI, and glycated SPI mixture 

decreased from 0.66, 87, and 173 μm, to 0.14, 0.089, and 0.38 μm, respectively.  

The protein composition of the samples after homogenization is given in Figure 4.2B. WPI 

was mostly composed of β-lactoglobulin (β-Lg), α-lactalbumin (α-Lac), and bovine serum 

albumin (BSA) (Figure 4.2B; lane 2). SPI-based samples consisted of α, α′, and β subunits 
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from β-conglycinin and acidic (A) and basic (B) subunits from glycinin (Figure 4.2B; lanes 3-

5). Moreover, a broad band with high molecular weights around 250 kDa was observed for 

the glycated SPI mixture (Figure 4.2B; red arrow), suggesting the formation of large protein 

aggregates as a consequence of the MR (de Oliveira et al., 2016). 

 

Figure 4.2. (A) Size distribution of protein suspensions before and after homogenization. (B) 

SDS-PAGE patterns (reducing conditions) of continuous phase protein-based compounds. 

Lanes: 1, protein marker; 2, homogenized WPI; 3, homogenized SPI; 4, homogenized 

SPI/dextran mixture; 5, homogenized glycated SPI mixture. 

4.3.2 Physical properties of emulsions 

4.3.2.1 Droplet size distribution 

The effect of emulsifier (Tween 20 or WPI) concentration on the droplet size of the stock 

emulsions was preliminarily adjusted to limit the fraction of unadsorbed emulsifiers in the 

continuous phase, while warranting physical stability (Figure S4.1). Based on these 

adjustments, stock emulsions stabilized with 1 wt% of Tween 20 or WPI were selected to 

further investigate the effect of adding an excess of proteins post homogenization. 

Subsequently, droplet size distribution, microstructure, droplet surface charge, and lipid 

oxidation were monitored throughout storage. 
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Figure 4.3. Droplet size distribution of Tween 20-stabilized emulsions (A–E) and WPI-

stabilized emulsions (F–J) freshly prepared (solid line) or at the end of the incubation period 

(40 ◦C, 70 h) (dotted line). 
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All freshly prepared emulsions had a mean droplet size (D[3,2]) of 0.1–0.2 µm, with WPI-

stabilized emulsions showing a slightly broader size distribution than Tween 20-stabilized 

ones (Figure 4.3). Tween 20-stabilized emulsions remained fully stable after 3 days of 

storage (Figure 4.3), whereas WPI-stabilized emulsions used in combination with SPI-based 

samples showed a tailed signal corresponding to particles between 1 and 100 µm (Figure 

4.3H-J) which is probably due to the continuous phase SPI or glycated SPI mixture 

aggregates as discussed before (Figure 4.2). Nonetheless, no appreciable differences were 

observed for all emulsions upon storage, indicating they were physically stable. This is 

important to later compare lipid oxidation among different emulsifiers without a surface 

area bias. 

4.3.2.2 Droplet surface charge 

All emulsions in this study have a negative charge (Figure 4.4), which was expected for WPI-

stabilized emulsions because the pH (7.0) was higher than the isoelectric point of whey 

proteins (~5.1). The reason why Tween 20-stabilized emulsions exhibited a negative surface 

charge is less obvious, since Tween 20 is a non-ionic surfactant. Nevertheless, similar 

behavior was previously found by others (Cengiz, Schroën, et al., 2019; Noon et al., 2020), 

which was attributed to several factors. First, hydroxyl ions (OH−) formed by autoprotolysis 

of water could preferentially locate near the polar head groups of Tween 20, i.e., in the 

droplets’ Stern layer (McClements, 2005). Second, free fatty acids present as impurities in 

Tween 20 or rapeseed oil could locate at the oil-water interface and are negatively charged 

at neutral pH (Hsu & Nacu, 2003; Waraho et al., 2011). Third, phosphate ions may also locate 

in the Stern layer of the Tween 20-coated droplets (Cengiz, Kahyaoglu, et al., 2019). We will 

not investigate this in detail, but it is important to point out that the negative charge of all 

Tween 20-based emulsions reduced further upon incubation, irrespective of whether 

excess protein was added or not. The decrease in ζ-potential at day 3 was similar in all 

Tween 20-stabilized emulsions, leading us to conclude that we could not distinguish any 

significant effect of excess proteins on top of the effects related to the ‘Tween 20-base 

case’. The decrease in zeta-potential could be related to surface-active fatty acids that may 

be present in the oil, or formed upon triglyceride hydrolysis (Chen et al., 2011; St. Angelo, 
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1996). Alternatively, organic acids formed through lipid oxidation could cause similar effects 

(Chen et al., 2011; St. Angelo, 1996). In all emulsions, we observed a small reduction of pH 

(Figure S4.2) but this cannot explain the large changes in zeta-potential.  

 

Figure 4.4. Zeta(ζ)-Potential of Tween 20-stabilized emulsions (A) and WPI-stabilized 

emulsions (B) before (Day 0) and after (Day 3) incubation (40 °C, 70 h). The lowercase letter 

is for comparison among the emulsions containing different excess protein ingredients on 

the same day. Different letters indicate significant differences (P < 0.05). Asterisks indicate 

a significant difference between day 0 and day 3 (* represents P < 0.05, and ** represents 

P < 0.01). 

4.3.3 Protein composition of the oil-water interface 

In general, the interfacial composition of emulsions is dominated by the emulsifiers present 

during emulsification (Berton-Carabin, Ropers, & Genot, 2014), although proteins added to 

the continuous phase may compete for adsorption to the interface, and eventually partly 

replace, or adsorb on top of initially adsorbed molecules (Dalgleish et al., 1991). To 

characterize this, the interfacial proteins were collected and analyzed with SDS-PAGE 

(Figure 4.5). The interfacial film in Tween 20-stabilized emulsions is almost protein-free 

(Figure 4.5A), which indicates that Tween 20 fully dominates the interface and prevents 

continuous phase proteins from adsorbing post-emulsification.  
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In WPI-stabilized emulsions, β-Lg and α-Lac dominated the interface, and the presence of a 

small proportion of BSA can be detected (Figure 4.5B). This observation is consistent with 

previous findings (Hinderink et al., 2019). Upon addition of SPI-based compounds to the 

continuous phase, faint bands of soy proteins (α, α′, β and A subunits) could be detected 

(Figure 4.5B; lanes 2-4), indicating that a relatively small amount of soy proteins adsorbed, 

or at least became bound to the interface. Moreover, smeared bands with high molecular 

weight could be seen when glycated protein mixture was added to the aqueous phase 

(Figure 4.5B, lane 4), implying the presence of glycated protein mixture at the interface. It 

is worth noting that some continuous phase proteins may be captured between the 

droplets in the creamed phase during the centrifugation step. However, since the same 

method was applied for Tween 20-stabilized emulsions where we hardly detected proteins 

at the interface, the amount of continuous phase proteins captured between the droplets 

in the cream of WPI-stabilized emulsions should be limited. We thus concluded that a 

limited yet existing fraction of SPI components were able to co-locate at WPI-based 

interfaces. 

 

Figure 4.5. SDS-PAGE determination of the proteins present in the creamed phase of freshly 

prepared Tween 20-stabilized (A) and WPI-stabilized emulsions (B), with SPI (lane 2), 

SPI/dextran mixture (lane 3), glycated SPI mixture (lane 4) or WPI (lane 5) added to the 

continuous phase post-homogenization. Lanes 1: protein marker. 
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4.3.4 Lipid oxidation in emulsions 

4.3.4.1 Antioxidant activity of continuous phase proteins 

Proteins are known to act as antioxidants through multiple pathways including the 

scavenging of free radicals and the chelation of prooxidant transition metals. Therefore, 

these properties were assessed for the proteins considered in the present work. As shown 

in Figure 4.6A, WPI exhibited a significantly higher DPPH radical scavenging activity than 

any of the SPI-based compounds, among which no significant difference was found (P > 

0.05). Besides, dextran showed low DPPH radical scavenging activity. The free radical 

scavenging ability of WPI has been related to surface-exposed sulfhydryl groups that 

possess hydrogen-donating abilities (Faraji et al., 2004). Compared to the starting SPI, we 

did not observe an enhanced antioxidant capacity of glycated protein mixture, which may 

be due to the limited affinity of the DPPH radicals for proteins grafted with a large 

carbohydrate moiety (Dean et al., 1991; Liu et al., 2014). Another possibility is related to 

the loss of free amino groups that can scavenge radicals or chelate irons determined by the 

glycation reaction (Pan et al., 2020; Ruiz-Roca et al., 2008). Tween 20 showed a low inherent 

ability to scavenge DPPH radicals, but boosted the scavenging ability of proteins, which may 

be due to the ability of Tween 20 to alter proteins conformation and therefore increase 

accessibility of free radicals (Donnelly et al., 1998). 

WPI was able to bind less iron than SPI-based compounds (P < 0.05), which is in line with 

the results of Faraji et al. (2004). No significant differences were observed among the 

different SPI-based compounds (Figure 4.6B). The greater iron chelating ability of SPI 

compared to WPI could be due to the higher content of acidic amino acids (aspartic acid, 

glutamic acid) in SPI (Kaushik et al., 2016), since the carboxyl groups in the side chains can 

act as metal chelators (Sarmadi & Ismail, 2010). In addition, the higher content of histidine 

in SPI than in WPI (Kaushik et al., 2016) could also account for the higher iron chelating 

activity of SPI. In fact, two or three histidine residues are capable of chelating one divalent 

metal ion (Esfandi et al., 2019). Furthermore, SPI typically contains 0.12-0.35% phytic acid 

(a strong metal chelator), which may also contribute to the fairly high iron binding capacity 
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of SPI (Reddy et al., 1982). However, unlike DPPH scavenging activity, the iron binding 

capacities of the proteins did not change significantly after adding Tween 20 (Figure 4.6B). 

This could be because of the hydrophilic properties of the amino acids that are capable of 

chelating metal ions (e.g., aspartic acid, glutamic acid, and histidine). Therefore, the 

conformational change of proteins as a result of interacting with Tween 20 would not largely 

affect the metal binding capacity of proteins. 

 

Figure 4.6. DPPH radical scavenging activity (A) and iron-chelating capacity (B) of the 

different protein suspensions. The lowercase letter is for comparison among the proteins. 

The uppercase letter is for comparison between before and after adding Tween 20. 

Different letters indicate significant differences (P < 0.05). 

4.3.4.2 Lipid oxidation 

Hydroperoxide concentration and para-anisidine value (pAV) were used to assess the 

formation of primary and secondary lipid oxidation products, respectively. Considerable 

differences regarding the extent of lipid oxidation were found for the various compositions 

(Figures 4.7 & 4.8).  

In Tween 20-stabilized emulsions (Figure 4.7A), hydroperoxides developed earlier, faster 

and to a greater extent in the control sample (Tween 20 + buffer) than in the other Tween 
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20-stabilized emulsions. The presence of continuous phase protein was thus effective at 

inhibiting hydroperoxide formation in Tween 20-stabilized emulsions. In that respect, SPI 

components showed a stronger ability to prevent hydroperoxide formation than WPI. The 

secondary lipid oxidation products (pAV) exhibited similar tends as hydroperoxides (Figure 

4.7B): the formation of aldehydes decreased in the order control (Tween 20 + buffer) > 

Tween 20 + WPI > Tween 20 + SPI-based compounds. After 3 days of storage, aldehydes 

were 1.3-, 6.2-, 8.2-, and 12.3-fold higher for the control emulsion than for emulsions 

containing WPI, SPI, SPI-dextran mixture, and glycated SPI mixture, respectively. 

WPI-stabilized emulsions displayed lipid oxidation kinetics that were fairly similar to their 

Tween 20-stabilized counterparts (Figure 4.8). The control emulsions (no excess protein 

added) had significantly higher hydroperoxides and aldehydes concentrations than the 

emulsions added with WPI, which themselves had consistently higher values than SPI-added 

emulsions. At the end of storage, the aldehyde contents were 1.0-, 1.8-, 3.7-, and 4.2-fold 

higher for the control emulsion than emulsions containing excess WPI, SPI, SPI-dextran 

mixture, and glycated SPI mixture, respectively. 

Taking in consideration that (i) the droplet size of all emulsions was stable in time, (ii) the 

surfactant concentration in Tween 20-stabilized emulsions was optimized to avoid excess in 

the continuous phase, and (iii) the WPI-stabilized emulsions had only very small amounts of 

SPI components located at the interface, we can conclude that the observed effects can be 

largely attributed to the proteins present in the continuous phase of emulsions.  

The ability of proteins in the continuous phase of emulsions to protect lipids against 

oxidation can be attributed to their free radical scavenging and iron-binding abilities (Figure 

4.6), as discussed before for both proteins tested herein. In the present case, where WPI is 

better capable of scavenging radicals, SPI has a higher iron binding capacity. When it comes 

to lipid oxidation in emulsions, a higher antioxidant activity was observed for added SPI-

based components, i.e., proteins with relatively low DPPH scavenging activity, but high iron 

binding capacity. This shows that in the present systems, lipid oxidation is strongly 
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dependent on transition metal availability, and thus the proteins’ iron chelating capacity is 

the most relevant property for the prevention of lipid oxidation. This capacity could inhibit 

the decomposition of lipid hydroperoxides by preventing transition metals from 

approaching the oil-water interface, where lipid oxidation primarily occurs, and/or by 

decreasing the activity of transition metals (Kellerby et al., 2006). In addition, according to 

the literature, the improved antioxidant activity of SPI may also be ascribed to the presence 

of isoflavones. The ring B that is at the 3-position of heterocyclic ring as well as the 5,7-

dihydroxy structure in ring A in isoflavones can effectively scavenge peroxyl radicals (Pietta, 

2000). Moreover, genistein (a class of isoflavone), though less effectively, could also chelate 

metal due to the hydroxyl groups at the C-4′, C-5, and C-7 positions (Arora et al., 1998). 

Maillard reaction products as emulsifiers have been reported to exhibit better protection 

against lipid oxidation than the corresponding non-glycated proteins (Hu et al., 2020; 

Hwang et al., 2011; Zha et al., 2019), which was ascribed to the antioxidant potential of 

some Maillard reaction products (e.g., reductone compounds) and to their ability to form a 

dense physical barrier at the oil-water interface. Given our experimental design, where 

glycated protein mixture is almost only present in the continuous phase, the former effect 

can be specifically assessed. In the present work, we observed a protective effect against 

lipid oxidation not only when adding glycated SPI, but also when adding a non-reacted 

mixture of SPI and dextran. This suggests that the chemical conjugation of soy proteins with 

dextran did not play a major role in improving the oxidative stability of the emulsion, but 

that the presence of dextran had in itself a protective effect (Figures 4.7 & 4.8). It is possible 

that the dextran molecules in the continuous phase slow down the mobility of pro-oxidants 

and thus delay lipid oxidation. For example, Shimada and co-workers found that adding 

polysaccharides (xanthan, pectin, guar gum, or tragacanth gum) in emulsions was able to 

suppress lipid oxidation (as measured with oxygen consumption) by increasing the viscosity 

of emulsions (Shimada et al., 1996). However, the exact mode of action of dextran would 

need to be further proven. Additionally, in previous work, glycated hydrolyzed β-

lactoglobulin showed antioxidant activity in Tween 20-stabilized fish O/W emulsions, but it 

was also found that prolonged heating times (>4 h) applied to form the Maillard reaction 
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products led to a decrease in oxidative stability compared to the non-reacted and short-

time heated hydrolyzed β-lactoglobulin-glucose mixture (Dong et al., 2012). 

Interestingly, in the presence of continuous phase proteins, all Tween 20-stabilized 

emulsions exhibited very low lipid oxidation levels, which means that the antioxidant 

potential of excess proteins is boosted in surfactant-stabilized emulsions. Even if the Tween 

20 concentration was optimized, there was still some Tween 20 in the continuous phase, 

which is expected to interact with the nonpolar segments of proteins via hydrophobic 

interactions, leading to partial unfolding of proteins (Dickinson & Hong, 1995; Otzen et al., 

2009). To explore the possible the conformational change of proteins, FTIR spectroscopy 

was conducted. As can be seen form the second derivation of amide I spectra (Figure S4.3), 

SPI exhibited more α-helices (~1655 cm−1) and intramolecular β-sheets (~1635 cm−1) 

structures after the addition of Tween 20. Enrichment of α-helices in the presence of a 

surfactant was also observed by others (Deep & Ahluwalia, 2001; Li et al., 2006; Vermeer & 

Norde, 2000). The formation of this highly ordered (α-helix and intramolecular β-sheet) 

non-native secondary structure has been reported as a result of exposure and reorientation 

of the non-polar residues of proteins towards the hydrophobic materials (Herrero et al., 

2011; Lee et al., 2007; Zhai et al., 2011, 2012). On the other hand, the conformational 

changes for WPI were less significant; there was only a slight decrease of α-helices and a 

slight increase of β-sheets after adding Tween 20. This may indicate that there were few 

interactions of proteins with Tween 20 (Lee et al., 2009). Such partially conformational 

changes of proteins could lead to the exposure of certain hydrophobic amino acids. 

Particularly, the aromatic amino acids have been reported to have antioxidant properties 

because of their electron-donating properties that allow for converting radicals to stable 

molecules (Sarmadi & Ismail, 2010). As previously described, the DPPH scavenging activity 

of the protein increased after mixing with Tween 20 (Figure 4.6A), which supports this 

explanation. In addition, changes in protein conformation were also described by others as 

markedly increasing the proteins’ ability to bind lipid molecules, and notably lipid 

hydroperoxides (Yamamoto et al., 1996). This might also slow down the physical 
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propagation of lipid oxidation reactions, for which the segregation/transport of 

intermediate products is possibly instrumental (Laguerre et al., 2017, 2020). 

 

Figure 4.7. Hydroperoxide concentrations (A) and para-anisidine values (B) in Tween 20-

stabilized emulsions over the incubation period (40 °C, 70 h). 

 

Figure 4.8. Hydroperoxide concentrations (A) and para-anisidine values (B) in WPI-stabilized 

emulsions over the incubation period (40 °C, 70 h). 

4.4. Conclusion 
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The addition of WPI, SPI, SPI/dextran mixture and glycated SPI mixture to the continuous 

phase of emulsions stabilized by Tween 20 or WPI did not significantly affect the physical 

stability of emulsions. The tested continuous phase proteins are all capable of inhibiting 

lipid oxidation in emulsions, and the inhibition capacity was, starting from the highest, in 

the order glycated SPI mixture ≈ SPI/dextran mixture > SPI > WPI. Iron chelating ability was 

proposed as a potentially important mechanism in that respect, since metal catalyzed 

decomposition of hydroperoxides is a dominant oxidation pathway in emulsions. Both non-

reacted SPI/dextran mixture and glycated SPI mixture showed a better protective effect 

against lipid oxidation than SPI. This suggests that the chemical conjugation of soy proteins 

with dextran did not play a major role in improving the oxidative stability of the emulsion, 

but that the presence of dextran had in itself a protective effect. In addition, the antioxidant 

potential of excess proteins is boosted in Tween 20-stabilized emulsions, as compared to 

WPI-stabilized emulsions. Interaction of surfactants with proteins may lead to the changes 

in protein conformation, which could increase the ability of proteins to bind molecules 

involved in the lipid oxidation reaction cascade. 

Using soy proteins in the continuous phase of emulsions may therefore constitute a 

promising route to engineer oxidatively stable food emulsions, which could reduce or 

eliminate the need for artificial antioxidants. Protein glycation may potentiate this effect, 

although to a rather limited extent. Further research is needed to elucidate if later stage of 

Maillard reaction products, which are reported to have strong antioxidant activity, can also 

be applied for this purpose. 
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Figure 4.8. Hydroperoxide concentrations (A) and para-anisidine values (B) in WPI-stabilized 

emulsions over the incubation period (40 °C, 70 h). 

4.4. Conclusion 
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Supplementary material 

Table S4.1. Fatty acid composition (%) of stripped rapeseed oil. 

 

 

 

 

 

 

 

 

 

 

 

 

Fatty acids Stripped rapeseed oil (%) 

Myristic acid (C14:0) 0.06 ± 0.00 

Palmitic acid (C16:0) 4.95 ± 0.02 

Palmitoleate acid (C16:1) 0.26 ± 0.01 

Stearate (C18:0) 1.47 ± 0.04 

Oleate (C18:1) 63.18 ± 0.15 

Linoleate (C18:2) 18.74 ± 0.07 

Linolenate (C18:3) 7.37 ± 0.06 

Arachidate (C20:0) 0.64 ± 0.01 

Eicosenoate (C20:1) 2.31 ± 0.02 

Behenate (C22:0) 0.30 ± 0.00 

Erucate (C22:1) 0.54 ± 0.00 

Lignocerate (C24) 0.18 ± 0.05 
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Figure S4.1. D[3,2] (A) and D[4,3] (B) of emulsions stabilized with different concentrations 

of Tween 20. 

 

 

Figure S4.2. pH of Tween 20-stabilized emulsions (A) and WPI-stabilized emulsions (B) 

before (Day 0) and after (Day 3) incubation (40 °C, 70 h). * P < 0.05, **P < 0.01. 
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Fourier transform infrared spectroscopy (FTIR) method 

Protein secondary structure before and after adding Tween 20 was analyzed using 

Attenuated total reflectance (ATR) - Fourier transform infrared spectroscopy (FTIR) on a 

Tensor system (Bruker Optics, Ettlingen, Germany) and a Platiunum ATR unit. 

Measurements were conducted at room  temperature against sodium phosphate buffer (10 

mM, pH 7.0) as background and averaged over 510 scans at a resolution of 4 cm−1.  

 

Figure S4.3. Influence of Tween 20 on the secondary structures of WPI (A) and SPI (B), as 

measured by the second derivation of the amide I band using ATR-FTIR. Blue: WPI; purple: 

WPI + Tween 20; orange: SPI; grey: SPI + Tween 20.
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Abstract 

The use of conventional food stabilizers (e.g., surfactants and animal-derived proteins) is 

not in line with the consumers’ consumers’ demand for natural products. This has led to a 

great interest in novel emulsion stabilizers. In this paper, we explore the emulsification 

properties of coffee melanoidins, which are brown polymers formed during beans roasting. 

The physical properties and stability of oil-in-water (O/W) emulsions (10 wt% oil) stabilized 

with 0.25-4 wt% coffee melanoidins were investigated upon storage. Coffee melanoidins 

can form emulsions with a nearly monomodal size distribution. Upon 28 days of storage at 

room temperature, emulsions prepared with low (0.25-1 wt%) melanoidin concentrations 

underwent creaming, flocculation, and coalescence; emulsions prepared with high (4 wt%) 

melanoidin concentrations gradually transformed from a liquid-like state to a gel-like 

structure, whereas emulsions prepared with 2 wt% melanoidins were physically stable.  

Stabilization of the emulsions is explained by both interfacial effects and an increased 

viscosity at high melanoidin concentrations. Surface load determination, confocal laser 

scanning microscopy (CLSM), and polarized light microscopy revealed that polysaccharide-

rich melanoidins were able to adsorb at the droplet surface. Therefore, we conclude that 

coffee melanoidins act both as emulsifiers (decreasing the interfacial tension and inducing 

electrostatic and steric repulsion) and texture modifiers (increasing the viscosity of 

emulsions). This clearly shows the potential of coffee melanoidins as natural emulsion 

stabilizers in targeted food products.  
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5.1 Introduction 

Emulsions are dispersed systems of two or more immiscible liquids, which make up the basic 

structure of a wide variety of products, such as foods, pharmaceuticals, and cosmetics. 

Being thermodynamically unstable, they tend to physically destabilize (e.g., gravitational 

separation, flocculation, and/or coalescence), finally leading to their destruction. Yet, it is 

possible to produce kinetically stable emulsions, by using texture modifiers or emulsifiers 

(McClements, 2005). Texture modifiers increase the continuous phase viscosity and thus 

improve emulsion stability by slowing down droplet creaming or sedimentation; examples 

include polysaccharides (e.g., carrageenan, xanthan gum, cellulose) and proteins (e.g., 

gelatin). Emulsifiers are amphiphilic compounds that can adsorb at the oil-water interface 

and decrease the interfacial tension; commonly used emulsifiers include surfactants, 

proteins, and phospholipids (Berton-Carabin & Schroën, 2015; McClements, 2005). 

Although surfactants and animal-derived proteins are commonly used in food emulsions, 

from a consumer perspective, this is becoming less and less desired given the current 

demand for natural and sustainable food ingredients and clean-label foods. This explains 

the current great interest in identifying new sources of emulsion stabilizers, notably those 

naturally present in foods. 

Coffee is one of the most widely consumed beverages, and contains strong antioxidant 

compounds (Del Pino-García et al., 2012; Higdon & Frei, 2006). Roasting of coffee beans 

takes place at high temperatures and low water activity that favors the development of the 

Maillard reaction (Friedman, 1996), leading to the formation of high molecular weight, 

brown-colored, nitrogen-containing end-products, known as melanoidins. The major 

components of coffee melanoidins are polysaccharides (mainly galactomannans and 

arabinogalactans type II), proteins, and phenolic compounds (Bekedam et al., 2006; Borrelli 

et al., 2002; D’Agostina et al., 2004; Moreira et al., 2012, 2014; Nunes et al., 2012). Some of 

these compounds (e.g., polysaccharides and proteins) are expected to have properties that 

can be instrumental in stabilizing emulsions. For example, galactomannans consisting of a 

β-(1→4)-linked D-mannose backbone with α-D-galactose side groups are able to form highly 
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viscous solutions and exhibit some surface activity, leading to physically stable emulsions 

(Garti & Reichman, 1994; Wu et al., 2009). Arabinogalactans are often covalently linked to 

proteins and thus present as arabinogalactan proteins (AGPs), which are believed to 

predominantly determine the emulsifying property of the widely used emulsifier gum 

Arabic (Dickinson, 2003). Based on these insights, it is likely that coffee melanoidins have 

potential as emulsion stabilizers. This is strengthened by the fact that melanoidins are 

instrumental in stabilizing foams. D’Agostina et al. (2004) and Piazza et al. (2008) extracted 

a total foaming fraction from espresso coffee and separated it into two fractions based on 

solubility in 2-propanol/water. The soluble fraction exhibited a prevailing protein-like 

character and had better foamability, whereas the insoluble fraction showed a prevailing 

polysaccharide-like character that contributed more to the foam stability via the thickening 

behavior and/or the interaction with absorbed proteins at the air-water interface 

(D’Agostina et al., 2004; Piazza et al., 2008). The foamability of coffee melanoidins has been 

related to their amphiphilic nature: furan and pyrrole-like hydrophobic moieties and the 

negatively-charged hydrophilic moieties (Bekedam et al., 2007), whereas polysaccharides 

can behave as viscosity improvers to enhance foam stability (Nunes & Coimbra, 1998).  

Coffee melanoidins constitute a significant part of the diet of coffee drinker (Fogliano & 

Morales, 2011), and they can also be used as food ingredients in the search for healthier 

and tasty foods. For example, coffee melanoidin-enriched bread was able to elicit satiety 

and modulate postprandial glycemia and other biomarkers (Walker et al., 2020). Our study 

aimed to explore the potential of coffee melanoidins as food ingredients to stabilize 

emulsions. Coffee melanoidins at the concentrations of 0.25-4 wt% were used to stabilize 

purified rapeseed oil-in-water (O/W) emulsions, and the physical properties of these 

emulsions were investigated during 28 days of storage. The results showed that these 

components have great potential for applications in emulsions. 
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5.2 Materials and methods 

5.2.1 Materials 

Dark roasted arabica coffee beans and refined rapeseed oil were purchased from a local 

supermarket (Wageningen, the Netherlands). The latter was stripped with alumina powder 

(Alumina N, Super I, EcoChrome™, MP Biomedicals, France) to remove surface-active 

impurities and tocopherols (Berton et al., 2011). Whey protein isolate (WPI, 88.11 wt%, dry 

basis) was supplied by Davisco (Lancy, Switzerland). D-Glucose, chlorogenic acid, calcofluor 

white, rhodamine B, BODIPY 505/515, sodium dodecyl sulphate (SDS), hexane, and sulfuric 

acid (98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium carbonate 

decahydrate and phenol were obtained from VWR (Radnor, PA, USA). Folin-Ciocalteu 

reagent and ethanol (95%) were purchased from Merck Millipore (Merck, Germany). 

Dichloromethane was from Actu-All Chemicals B.V. (Oss, The Netherlands). All chemicals 

and reagents used in this study were of analytical grade. Ultrapure water was obtained with 

a Millipore Milli-Q water purification system and used throughout the experiments. 

5.2.2 Preparation of high molecular weight coffee melanoidins 

High molecular weight coffee melanoidins were extracted from roasted coffee beans 

according to the procedure described by Zhang et al. (2019) with some modifications. In 

brief, dark roasted coffee beans (Illy®, Trieste, Italy) were ground to powder with a particle 

size < 0.45 mm using a Spex sample Prep 6870 cryogenic mill (Minneapolis, Minnesota, US). 

The powder was then defatted by extraction with dichloromethane (1:3, w/v, three times). 

After that, 100 g of the defatted powder were extracted with 1.2 L of water at 80 ̊C for 20 

min. The suspension obtained was filtered through a Whatman 595 filter paper (Billerica, 

MA, US) under vacuum. An aliquot of the filtrate was subjected to ultrafiltration using an 

Amicon stirred cell (Millipore Co., MA, US) equipped with a 10 kDa nominal molecular 

weight cut-off regenerated cellulose membrane (Merck, Germany). The obtained retentate 

was filled up to 100 mL water and the ultrafiltration process was continued to eliminate the 

low molecular weight components. This washing step was repeated three times. The 
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retentate (high molecular weight fraction) that contained the coffee melanoidins was 

freeze-dried and stored at -20 °C. 

5.2.3 Determination of carbohydrate, protein, and phenolic group contents  

The total sugar content of coffee melanoidins was determined using the phenol-sulphuric 

acid method (Nielsen, 2010). Protein content (%, N × 5.5) was estimated using the Dumas 

method (Interscience Flash EA 1112 series, Thermo Scientific, Breda, The Netherlands) 

(Bekedam et al., 2006). Phenolic group content was measured using the Folin-Ciocalteu 

reagent, with chlorogenic acid as the standard (Singleton et al., 1965). 

5.2.4 Adsorption kinetics 

The interfacial tension between coffee melanoidins (or WPI) solution (0.01 w/v%) and 

stripped rapeseed oil was recorded with an automated drop volume tensiometer (Tracker, 

Teclis, Longessaigne, France) by analyzing the axial symmetric shape (Laplace profile) of a 

rising oil drop (area: 40 mm2) in the aqueous solution using a 20-gauge needle. The 

interfacial tension (γ) was measured for 2 h at 20 °C, and the results were expressed as 

surface pressure (π = γ0 – γ). 

5.2.5 Preparation of coffee melanoidin-stabilized emulsions 

Coffee melanoidins (0.25, 0.5, 1, 2, or 4 wt%) were dispersed in water and stirred overnight 

at 4 °C to ensure complete hydration. Coarse emulsions were prepared by homogenizing 90 

wt% of the aqueous phase containing coffee melanoidins and 10 wt% of stripped rapeseed 

oil using a rotor-stator homogenizer (Ultra-turrax IKA T18 basic, Germany) at 11,000 rpm 

for 1 min. Final emulsions were prepared by passing the coarse emulsions through an M-

110Y Microfluidizer (800 bar, 5 cycles) equipped with a F12Y interaction chamber 

(Microfluidics, Massachusetts, USA). The emulsions were partitioned as 3-g aliquots in 

polypropylene tubes (Eppendorf®,15 x 120 mm) and stored at room temperature (~ 20 ̊C) 

for 28 days. To prepared 4 wt% homogenized melanoidin solution, 4 wt% coffee 

melanoidins (without the addition of oil) were homogenized via a rotor-stator homogenizer 

and Microfluidizer in the same conditions as used for the emulsion preparation. 
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5.2.6 Physical stability of coffee melanoidin-stabilized emulsions 

The droplet size distribution, surface charge, and microstructural changes of emulsions 

were monitored over the storage time (at 0, 7, 14, 21, and 28 days) at room temperature (~ 

20 ̊C). 

Droplet size distribution. The droplet size distribution of emulsions was determined by static 

light scattering using a Mastersizer 3000 (Malvern Instruments Ltd., Worcestershire, UK) at 

20 ̊C. The emulsions were diluted in water and stirred at 1400 rpm to prevent multiple 

scattering effects. The refractive index was set to 1.473 for rapeseed oil and 1.33 for water. 

The absorption index was set to 0.01. 

Light microscopy. The microstructural changes of emulsions were monitored via an optical 

microscope (Carl Zeiss Axio Scope A1, Oberkochen, Germany). Emulsions were gently mixed 

prior to the observation. A drop of emulsions was then placed on a glass microscopy slide 

and covered with a cover slip. The microscopic images were taken using an objective 

magnification of 40 ×. Some images were taken using a polarized light filter. 

Viscosity. An Anton Paar rheometer (MCR502, Anton Paar GmbH, Graz, Austria) was used 

to determine the dynamic viscosity of the samples at 20 °C. For 0.25–2 wt% melanoidin-

stabilized emulsions and 4 wt% homogenized melanoidin solution, a concentric cylinder 

system (DG 26.7, diameter: 26.662 mm, internal diameter: 24.655 mm, length: 40.000 mm) 

was used. For 4 wt% melanoidin-stabilized emulsions, a plate-plate geometry (PP-25/P2, 

diameter: 25 mm) was used. 

Droplet surface charge. The droplet surface charge (zeta-potential, mV) of emulsions was 

measured by dynamic light scattering using a Zetasizer Ultra (Malvern Instruments LTD., 

Worcestershire, UK) in a disposable cuvette (DTS 1080) at 20 °C. Prior to the measurement, 

all emulsions were diluted 1000 times in water to minimize multiple scattering effects. The 

optical property settings were the same as those used for the droplet size distribution 

measurement. Zeta-potential was calculated using the Smoluchowski model (ZS Xplorer 

software). 
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5.2.7 Surface load 

The surface load of the coffee melanoidin-stabilized emulsions was determined via two 

methods: (i) unadsorbed melanoidins in the continuous phase, and (ii) adsorbed 

melanoidins in the creamed phase. Prior to the surface load analysis, calibration curves to 

determine coffee melanoidin concentration were obtained by recording the absorption 

spectra (200 – 600 nm) of melanoidins (0.01 – 0.1 g/L) dispersed in water or 1 wt% SDS 

solution using a DU 720 UV–visible spectrophotometer (Beckman Coulter, Woerden, the 

Netherlands). 

Emulsions were centrifuged at 15,000×g for 1 h to separate the continuous phase and the 

creamed phase. To determine the surface load via the continuous phase, the continuous 

phase was collected by piercing a hole in the bottom of the centrifuge tubes. The 

concentration was determined according to calibration curves for melanoidins dispersed in 

water, and the surface load Γs (mg/m2) was calculated according to Eq. (5.1): 

𝛤𝛤� =  𝐶𝐶�𝑑𝑑��� 
6𝜑𝜑  (5.1) 

where Ca (kg/m3 water phase) corresponds to the concentration adsorbed coffee 

melanoidins, which was calculated by subtracting the concentration in the continuous 

phase from the concentration of the melanoidin solution used for emulsion preparation, 

d3,2 (m) is the Sauter mean diameter of the fresh emulsions, and φ is the oil volume fraction. 

To determine the surface load via the creamed phase, the concentration of the adsorbed 

coffee melanoidins and the oil content in the creamed phase were measured. The creamed 

phase obtained after centrifugation was collected and re-dispersed in water and 

centrifuged again as described earlier to remove any unadsorbed coffee melanoidins that 

may have been trapped between the oil droplets in the creamed phase after the first 

centrifugation. The resulting washed creamed phase was collected. An aliquot (0.2 g) of 

creamed phase was mixed with 3 g of water and 15 g of extraction solvent 

(hexane:isopropanol, 3:1, v/v). The mixture was then vortexed for 3 × 1 min and mixed in a 
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rotator for 1 h, followed by centrifugation (3000×g, 5 min). The upper phase (hexane and 

oil) was collected and placed in the fume hood until the hexane evaporated, and the amount 

of oil remaining was weighed. Another aliquot of creamed phase was dispersed in a 1 wt% 

SDS solution and centrifuged at 15,000×g for 1 h. The adsorbed coffee melanoidins were 

displaced by SDS to the aqueous subnatant. The concentration of coffee melanoidins was 

then determined using the calibration curves for melanoidins dispersed in 1 wt% SDS. This 

value of Ca can directly be used in Eq. 5.1 to calculate the surface load Γs (mg/m2). 

5.2.8 Confocal laser scanning microscopy (CLSM) 

Confocal laser scanning microscopy (CLSM) (Carl Zeiss, Jena, Germany) was used to further 

visualize the interfacial composition of the emulsion droplets. Proteins, polysaccharides, 

and lipids were fluorescently labelled with rhodamine B (10 µL/mL of sample, 1 mg/mL in 

water), calcofluor white (5 µL/mL of sample, 2 mg/mL in water), and BODIPY (10 µL/mL of 

sample, 1 mg/mL in ethanol), respectively. A small quantity of these emulsions was placed 

on a confocal microscope slide and gently covered with a cover slip. The excitation/emission 

wavelengths of rhodamine B, calcofluor white, and BODIPY were set at 543/580 nm, 

405/450 nm, and 488/518 nm, respectively. Images of 512 × 512 pixels were obtained using 

a 100× oil immersion objective. 

5.2.9 Statistical analysis 

All experiments were carried out at least in triplicate on samples that were prepared in 

duplicate in independent experiments. The results were reported as mean values ± standard 

deviations. The statistical analyses were carried out using one-way analysis of variance 

(ANOVA) using IBM SPSS statistics 23.0.0.2 (SPSS Inc, Chicago, Illinois, USA) with P < 0.05 

being considered as significantly different. 
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5.3 Results and discussion 

5.3.1 Characterization of coffee melanoidins 

Absorption spectra. UV–visible absorption spectra were recorded to confirm the extraction 

of melanoidins from coffee brews (Figure S5.1). The spectrum showed two absorption 

maxima at 280 and 325 nm and minor absorbance from 400 nm onward. This is in 

agreement with spectra reported previously (Bekedam et al., 2006): absorption at 280 nm 

has been linked to proteins, caffeine, chlorogenic acids, and caffeic acid in the melanoidins, 

whereas absorption at 325 nm was mainly attributed to chlorogenic acid and caffeic acid 

(Bekedam et al., 2006; Lopes et al., 2016). Melanoidins have been reported to have a unique 

absorption signature at 405 and 420 nm, which was suggested to correspond to the core 

structure (405 nm) and the chromophore groups of melanoidins (420 nm) (Del Pino-García 

et al., 2012; Silván et al., 2010). To estimate the relative content of these compounds and 

compare the results to those of other research, the specific extinction coefficient (Kmix) at 

280, 325, 405 and 420 nm was calculated based on the Lambert-Beer law (Table S5.1). The 

relative amounts of melanoidins (Kmix 405nm), proteins (Kmix 280nm), and chlorogenic acid (Kmix 

280, 325nm) were in line with the results reported previously (Bekedam et al., 2006, 2007). 

Chemical composition. The composition of coffee melanoidins is ~70% carbohydrates, 12% 

protein, and 13% phenolics as shown in Table S5.2. The total carbohydrate content was 

consistent with the results reported by others (Bekedam et al., 2006; Tagliazucchi & 

Verzelloni, 2014). Mannose, galactose as well as arabinose are the most abundant sugars, 

indicating that galactomannans (~69%) and arabinogalactans (~28%) are the main 

polysaccharides in coffee melanoidins (Bekedam et al., 2006; Nunes & Coimbra, 2001). The 

protein content of 12% is similar to the results of Nunes & Coimbra (2001), although it is 

good to point out that the Dumas method may result in overestimation, since other non-

protein nitrogen such as caffeine and trigonelline can also be detected. The phenolic group 

content (13%) is in line with Bekedam et al. (2006), who reported 15% of phenolic groups, 

confirming that phenolic groups are also largely incorporated into melanoidins. 

128

Chapter 5



Coffee melanoidins as emulsion stabilizers                          
 

125 
 

Surface activity. The surface pressure generated by melanoidins was measured at the 

rapeseed oil-water interface and compared with that obtained with whey protein isolate 

(WPI), a commonly used emulsifier. There was a rapid increase in surface pressure in the 

first 400 s, followed by a slower increase for both components, albeit that the surface 

pressure is higher (both initially and after 2 hours of interfacial film aging) for whey protein 

isolate (Figure 5.1). 

 

Figure 5.1. Surface pressure of WPI and coffee melanoidins at a concentration of 0.01 w/v% 

in water at 20 ̊C. 

Whey proteins are known to adsorb at the oil-water interface where they are next subjected 

to conformational rearrangements (Schröder et al., 2017). Regarding  melanoidins, their 

surface activity might be due to the presence of amphipathic proteins, e.g., arabinogalactan 

proteins or galactomannans. Arabinogalactan proteins from green coffee beans have been 

shown to increase the surface tension at air-water interface to ~22 mN/m, and they could 

easily adsorb at the interface to form a film (Redgwell et al., 2005). Wu et al. (2009) and 

Garti & Reichman (1994) found that galactomannans were able to reduce both the surface 

and interfacial tensions. After diffusing and adsorbing at the interface, the galactomannans 

could undergo a conformational change at the interface with a hydrophobic part anchoring 

to the oil phase and other parts extending to the water phase (Garti & Reichman, 1994).  
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Particle size distribution and light microscopy. The homogenization process used for 

emulsion preparation (section 5.3.2) is expected to alter the particle size and possibly the 

charge (zeta potential) of coffee melanoidins dispersed in water. Therefore, this was 

investigated first. The initial particle size distribution of the dispersions was dominated by 

large aggregates/molecules in the micron range (≥ 10 µm) (Figure 5.2A) with undefined 

shapes (Figure 5.2C1). Upon homogenization, the particle size decreased considerably 

(Figure 5.2 A&C2), suggesting that the homogenization process causes disaggregation or 

disruption of melanoidins.  

 

Figure 5.2. Particle size distribution (A) and zeta-potential (B) of coffee melanoidins and 

homogenized coffee melanoidins dispersed in water, and microscopic pictures of these 

dispersions (C1, C2, respectively). 

Zeta-potential. For both the original and homogenized melanoidin dispersions, the plots of 

the zeta-potential as function of pH overlap (Figure 5.2 B). The isoelectric point was around 

2.5, close to the values reported for melanoidins prepared from glycine and glucose (Migo 

et al., 1997). At pH higher than 2.5, melanoidins were negatively charged, becoming more 

negative as pH increased (Figure 5.2 B), probably due to the presence of ferulic acid or 

caffeic acid moieties from chlorogenic acids (CGA) and uronic acids from arabinogalactans 

(Bekedam et al., 2008). At pH lower than 2.5, coffee melanoidins were slightly positively 

charged, probably because of the amino groups from proteins (Bekedam et al., 2008; Migo 

et al., 1997). 
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5.3.2 Characterization of coffee melanoidin-stabilized emulsions 

5.3.2.1 Emulsion appearance 

Dispersions of coffee melanoidins in water with concentrations ranging from 0.25 to 4 wt% 

were used to prepare emulsions. Initially, all the emulsions had a brown, opaque, and 

homogeneous appearance (Figure 5.3, inserts in A1-E1). All the fresh emulsions were fluid-

like but were more viscous at increasing melanoidin concentration.  

 

Figure 5.3. Microscopic pictures of emulsions stabilized with 0.25 (A), 0.5 (B), 1 (C), 2 (D), 

and 4 wt% (E) coffee melanoidins stored at room temperature for 0 (1), 7 (2), 14 (3), 21 (4), 

and 28 days (5). All images are at the same magnification (scale bar - shown on panel E5 - is 

20 μm). Inserts are macroscopic images of the emulsions. 

 

131

Coffee melanoidins as emulsion stabilizers

5



 Chapter 5 

128 
 

After 7 days of storage at room temperature, a visible creamed layer formed in emulsions 

containing 0.25 - 1 wt% melanoidins (Figure 5.3, inserts of A2-C2), whereas the emulsions 

containing 2 and 4 wt% melanoidins showed a homogeneous appearance (Figure 5.3, 

inserts of D2-E2). In addition, the 4 wt% melanoidin-stabilized emulsions transformed from 

a liquid-like state to a gel-like appearance (Figure 5.4, insert E). However, the emulsion gel 

was not strong and could easily be disrupted by agitation. Creaming rate is proportional to 

the square of the droplet size, and therefore creaming was expected for emulsions 

containing a low amount of melanoidins in which large droplets are present and the 

continuous phase has low viscosity (discussed further in sections 5.3.2.2 and 5.3.2.3). In the 

emulsions with higher continuous phase viscosity, the creaming rate is accordingly lower, 

and it may be reduced to zero if a weak gel is present.  

After 28 days of storage, the creamed layer of the 0.25 wt% melanoidin-stabilized emulsions 

became more distinct, and the bottom serum layer became less opaque (Figure 5.3, insets 

of A5). For the other emulsions, no significant change in appearance was observed after day 

7. It is worth noting that no oil layer was formed (no oiling off) in all emulsions during 

storage. 

5.3.2.2 Droplet size distribution and emulsion morphology 

At day zero, all emulsions exhibited a nearly monomodal size distribution, with sometimes 

a minor tail (Figure 5.4, black curves). With increasing melanoidin concentration, the most 

prominent peak shifted to lower values resulting in a decrease in d3.2 from 0.42 µm to 0.06 

µm (Figure 5.4).  

For 0.25 wt% melanoidin-based emulsions, some droplets were loosely connected (Figure 

5.3A1); whereas for 0.5 wt% melanoidin-based emulsions, slight flocculation was observed 

(Figure 5.3B1). At these relatively low concentrations, the amount of melanoidins at the 

interface is probably not sufficient to cover the surface of all oil droplets, resulting in 

bridging flocculation (with melanoidins shared between droplets), and possibly coalescence 

(Berton-Carabin et al., 2018; Guzey & McClements, 2006). At 0.5 wt% melanoidin 

concentrations and higher, the emulsions became microscopically homogeneous (Figure 
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5.3C1-E1). After 7 days of storage, emulsions containing 0.25 and 0.5 wt% melanoidins 

experienced more flocculation and coalescence, and those containing 1 wt% melanoidins 

also started to flocculate (Figure 5.3A2-C2). This is reflected in the occurrence of a small 

shoulder/peak in Figure5. 4. At longer storage times, a second peak appeared at larger sizes, 

that continued to increase in time, whereas the contribution of the smaller droplets 

decreased in these emulsions (Figure 5.4A-C), leading to further destabilization. 

 

Figure 5.4. Droplet size distribution of emulsions stabilized with 0.25 (A), 0.5 (B), 1 (C), 2 (D), 

and 4 wt% (E) of coffee melanoidins. Insert in panel E, the gelled emulsion after 7 days of 

storage. 

Emulsions stabilized with 2 wt% melanoidins were more stable than other emulsions. The 

droplet size distribution was rather constant for 2 weeks, exhibiting a monomodal 

distribution with a small tail (Figure 5.4D). After 3 weeks of storage, a second peak ranging 

from 1 to 100 µm appeared as a result of flocculation (Figure 5.3D4-D5), which remained 

unchanged until the end of the experiments (Figure 5.4D). In 4 wt% melanoidin-stabilized 

emulsions, a network-like structure was formed (Figure 5.3E2) and a large-sized peak 
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appeared (Figure 5.4E) after 7 days of storage, which dramatically increased with time, 

whereas the original small peak disappeared (Figure 5.4E). As mentioned and also 

illustrated by the upside-down tube in Figure 5.4E, 4 wt% melanoidin-stabilized emulsions 

gradually formed gel-like structures upon storage. Also others have found the formation of 

gel-like structures at high amounts of galactomannans (Garti et al., 1997; Wu et al., 2009). 

In the next section dedicated to viscosity, it is investigated whether the gel formation is due 

to the melanoidins as such, or to their interaction with the oil droplets. 

5.3.2.3 Viscosity 

We determined the apparent viscosity of the homogenized melanoidin solution with the 

highest concentration (4 wt%), and of all emulsions as a function of shear (Figure 5.5). The 

viscosity profile of the 4 wt% homogenized melanoidin solution was constant and similar to 

that measured for the 0.25 wt% melanoidin-stabilized emulsion. The viscosity of emulsions 

with >0.25 wt% melanoidins increased with melanoidin concentration and decreased with 

increasing shear rate, showing typical shear thinning behavior that was more pronounced 

at higher melanoidin concentrations. This indicates that network formation involves 

melanoidins and droplets, and does not occur in a concentrated pure melanoidin dispersion. 

Data also showed that a threshold concentration of melanoidins is needed for network 

formation to take place in the O/W emulsions.   

The shear-thinning behavior of the emulsions can be attributed to the disintegration of the 

network involving droplets and melanoidins, and realignment of the droplets upon shearing, 

resulting in a decrease in the resistance to flow (Ye et al., 2016; Ali Al-Maqtari et al., 2021). 

For the emulsion with 4 wt% melanoidins, the network was strong (section 5.3.2.2), forming 

a gelled structure with high viscosity (Figure 5.5). It is interesting to note that melanoidins 

and oil droplets (with low dispersed fraction, 10 wt%) did not give a high viscosity on their 

own. Instead, the presence of large amounts of melanoidins in the continuous phase may 

induce depletion attraction between the droplets that thus form a gel-like network 

(Dickinson, 2003). Huang et al. (2019) reported that insoluble soybean fiber (ISF, 0.4 wt%) 

was able to improve the stability of low-concentration soy protein isolate (0.4 wt%) 
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emulsions (10 wt% soybean oil) via the formation of flocculated droplets and the gel-like 

network. Similarly, the apparent viscosity of ISF suspension (1 wt%, prepared using a rotor-

stator at 10,000 rpm for 2 min) was low and constant (~3 mPa·s) with the increase of shear 

rate from 0 to 100 s-1 (Chen et al., 2019). 

 

Figure 5.5. Apparent viscosity as a function of applied shear rate of the 4 wt%  homogenized 

melanoidin solution (hollow) and of O/W emulsions (10 wt% oil) stabilized with 0.25 - 4 wt% 

melanoidins (solid). 

5.3.2.4 Surface charge of emulsion droplets 

The surface charge of the oil droplets was assessed by measuring the zeta-potential (Figure 

5.6). All emulsions had a negative surface charge. The zeta-potential increased from -48 mV 

to -38 mV (Figure 5.6), going from melanoidin concentration 0.25 to 4 wt%, and the pH 

value decreased from 7 to 5.5 (Figure S5.2). These zeta-potentials were much higher than 

those measured in a pure melanoidins solution (Figure 5.2), which may be due to the 

presence of charged groups at the droplet surface or due to the rearrangement of 

melanoidins at the interface leading to the exposure of negatively charged groups. For each 

emulsion, no significant change in zeta-potential was observed upon 28 days of storage (P > 

0.05).  
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In general, electrostatic repulsion between droplets is considered substantial enough to 

ensure emulsion stability when the magnitude of zeta-potential is greater than 30 mV 

(Dukhin & Goetz, 1998), which all our emulsions had (Figure 5.6). However, our 0.25 wt% 

melanoidin-stabilized emulsion (-48 mV) was not physically stable, indicating that also other 

destabilizing factors were playing a role. 

 

Figure 5.6. Zeta-potential of the coffee melanoidin-stabilized emulsion droplets. Small 

letters are for comparison among the emulsions with different melanoidin concentrations 

on the same day. Different letters indicate significant differences (P < 0.05). 

5.3.2.5 Surface load 

The surface load of the fresh emulsions was estimated via either the creamed phase or the 

continuous phase of the emulsions (Figure 5.7). For both methods, the surface load slightly 

decreased and then increased with increasing the melanoidin concentration. The 

continuous phase method (Figure 5.7B) gave higher surface loads than the creamed phase 

method (Figure 5.7A), which is in agreement with the investigations of Hinderink et al. (2021) 

for pea protein-stabilized emulsions. The continuous phase method is widely used but 

precipitated components are not accounted for appropriately, leading to overestimation of 

the surface load. Therefore, the creamed phase method was considered as a more reliable 

method for our systems. 
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The surface load of the melanoidin-stabilized emulsions ranged from 0.3 to 0.6 mg/m2 

(Figure 5.7A), which is relatively low compared to protein-stabilized emulsions (generally 

around 1-3 mg/m2) but similar to values found for other polysaccharide-stabilized 

emulsions (e.g., 0.4 - 0.9 mg/m2: Mikkonen et al., 2016). These results hint that 

polysaccharide-rich fractions from coffee melanoidins might be more likely to accumulate 

at the oil-water surface, a hypothesis which was further investigated by CLSM. 

 

Figure 5.7. Surface load of the coffee melanoidin-stabilized emulsions measured via the 

creamed phase (A) or the continuous phase (B). 

5.3.2.6 Confocal laser scanning microscope (CLSM) and polarized light microscope 

As emulsions with large enough droplets are needed to give insightful images in CLSM, fresh 

emulsions stabilized with 0.25 wt% melanoidins were chosen for this study (i.e., the system 

with the largest droplets) (Figure 5.8). Most of the oil droplets (labelled in red) were 

connected with each other in clusters, which confirms the light microscopy results (Figure 

5.3). Polysaccharides (labelled in green) encircled the oil droplets (Figure 5.8 A&B), whereas 

proteins (labelled in teal) were mainly detected in the continuous phase (Figure 5.8C), 

suggesting that polysaccharide-rich fractions from the melanoidins were predominantly 

present at the interface. To confirm this finding, 1 wt% melanoidin-stabilized coarse 

emulsions (prepared via rotor-stator homogenization only) were also prepared and 

investigated, and similar results were found (Figure S5.3). Other studies also found that in 
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polysaccharide-rich samples, the protein component did not play a significant role in 

stabilizing emulsions (Garti & Reichman, 1994; Mikkonen et al., 2009; Wu et al., 2009). Garti 

& Reichman (1994) even found that purified guar gum (protein content reduced to 0.8 wt%) 

had higher surface activity than the original gum, and they suggested that the protein 

fraction may not be surface-active. 

When observing the emulsions with polarized light microscopy (Figure 5.8 D-E), both 

emulsions showed distinctive rings on the oil droplets, and that could be related to 

accumulation of galactomannan fractions at the oil-water interface, as was observed for 

other galactomannans-stabilized emulsions (Garti & Reichman, 1993, 1994). 

 

Figure 5.8. Confocal micrographs of emulsions stabilized with 0.25 wt% coffee melanoidins 

(A-C). Green color represents polysaccharides (stained by calcofluor white), teal color 

represents proteins (stained by Rhodamine B), and red color represents oil (stained by 

BODIPY). Polarized light microscopy images of emulsions prepared by (D) high pressure 

homogenization, using 0.25 wt% melanoidins, or (E) rotor-stator homogenization, using 1 

wt% melanoidins. 
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5.4 Conclusion 

This work demonstrates that naturally-occurring coffee melanoidins are capable of 

stabilizing O/W emulsions without the need of other stabilizers. Fresh emulsions stabilized 

with 0.25-4 wt% melanoidins, prepared by high pressure homogenization had a brown, 

opaque, and homogeneous appearance with a nearly monomodal size distribution. Upon 

28 days of storage at room temperature (~20 ̊C), emulsions stabilized with 0.25-1 wt% 

melanoidins underwent creaming and showed some droplet flocculation and possibly 

coalescence. The emulsion stabilized by 2 wt% melanoidins showed high physical stability, 

and the one prepared with 4 wt% melanoidins gradually transformed from liquid-like to gel-

like state due to network formation between droplets and melanoidins.  

Coffee melanoidins can reduce the oil-water interfacial tension, induce electrostatic 

repulsion between emulsion droplets, and may form a weak network that contribute to 

emulsion stability. In particular, the polysaccharide-rich fractions from the melanoidins are 

present at the interface, at the expense of the protein-rich fractions, as deduced by CLSM 

and polarized light microscopy. This study showed that coffee melanoidins exhibit great 

potential to formulate clean label food-grade emulsions. Further work is directed toward 

the capability of coffee melanoidins to act as dual-function ingredients (i.e., emulsifiers with 

antioxidant properties to also improve the oxidative stability of emulsions). 
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Supplementary materials 

 

Figure S5.1. Absorption spectrum of coffee melanoidins in water (0.01 w/v%). 

 

Figure S5.2. pH of the coffee melanoidin-stabilized emulsions with different melanoidin 

concentrations. 
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Figure S5.3. Confocal micrographs of coffee melanoidin (1 wt%)-stabilized emulsions 

prepared by rotor-stator homogenization (11,000 rpm for 1 min). Green color represents 

polysaccharides (stained by calcofluor white), teal color represents proteins (stained by 

Rhodamine B), and red color represents oil (stained by BODIPY). 

 

Table S5.1. Specific extinction coefficients (Kmix) of coffee melanoidins in water. 

Sample 
Kmix 280nm 

(L·cm-1·g-1) 

Kmix 325nm 

(L·cm-1·g-1) 

Kmix 405nm 

(L·cm-1·g-1) 

Kmix 420nm 

(L·cm-1·g-1) 

Coffee melanoidins 5.29 ± 0.10 3.99 ± 0.07 1.20 ± 0.01 1.06 ± 0 

 

Table S5.2. Chemical composition of coffee melanoidins. 

Sample Carbohydrates (%) Proteins (%) Phenolic groups (%) 

Coffee melanoidins 70.82 ± 3.63 12.18 ± 1.37 13.38 ± 1.38 
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Abstract 

Food emulsions fortified with health-promoting polyunsaturated fatty acids are highly 

relevant from a nutritional perspective; however, such products are particularly prone to 

lipid oxidation, resulting in quality deterioration. In the current work, this is mitigated by 

the use of natural antioxidants occurring in coffee. Coffee fractions with different molecular 

weights were extracted from roasted coffee beans using hot water. We found that these 

components were positioned either at the interface or in the continuous phase of emulsions 

where they contributed to emulsion stability via different pathways.  

Coffee brew as a whole, and its high molecular weight fraction (HMWF), were able to form 

emulsions with good physical stability and excellent oxidative stability. When added post 

homogenization to the continuous phase of protein-stabilized emulsions, all coffee fractions 

were able to slow down lipid oxidation considerably without significantly affecting the 

physical stability of emulsions, though HMWF were more effective in retarding lipid 

oxidation than whole coffee brew and the low molecular weight fraction (LMWF) of coffee 

brew. This is caused by various effects, such as the antioxidant properties (metal chelating 

and radical scavenging activities) of coffee extracts, the partitioning of components in the 

emulsions, and the nature and amount of the phenolic compounds. 

These outcomes show that coffee extracts can be used effectively as multifunctional 

stabilizers in dispersed systems leading to emulsion products with high chemical and 

physical stability. The fact that these components act as natural antioxidants gives them 

great potential for applications in food products.  
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6.1 Introduction 

It is nowadays well-recognized that higher amounts of ω-3 polyunsaturated fatty acids 

should be targeted to contribute to healthier diets (Morzelle et al., 2020). As a result, the 

food industry strives for developing ω-3-rich products, but that is far from trivial. The 

presence of several double bonds makes ω-3 polyunsaturated fatty acids vulnerable to 

oxidation, which results in quality deterioration in foods (e.g., undesirable changes in flavor, 

nutritional quality, and shelf life) (McClements & Decker, 2018; Villière et al., 2007). A 

strategy to counteract lipid oxidation is through the addition of antioxidants, and ideally, 

these should be natural antioxidants that are preferred by consumers (Rasheed & Fathima 

Abdul Azeez, 2019). Synthetic antioxidants, such as butylated hydroxytoluene (BHT) and 

butylated hydroxyanisole (BHA) are known to be highly effective, and currently, the search 

is on for natural alternatives that are just as effective.  

Coffee is a rich source of compounds with potent antioxidant activity, which is modulated 

by the coffee bean roasting process (Parliment, 2000). During roasting, on the one hand, 

natural phenolic compounds (predominantly chlorogenic acids, CGAs) present in the green 

coffee beans undergo chemical reactions such as isomerization, degradation, and/or 

oxidation, leading to a reduction of their antioxidant activity (Panusa et al., 2013), whereas 

on the other hand, additional antioxidant activity may be created through Maillard reaction 

product formation. In particular, melanoidins that are generated during roasting of coffee 

beans at high temperatures and low water activity (Del Pino-García et al., 2012; Delgado-

Andrade & Morales, 2005) could be of interest due to their antioxidant potential. In addition, 

some volatile heterocyclic compounds (furans, pyrroles, and maltol) formed during roasting 

have also been reported as potential antioxidants (Yanagimoto et al., 2004). The antioxidant 

mechanisms of coffee components were reported to be mainly related to their ability to 

break the radical chain reaction cascade by hydrogen donation and to chelate metal ions 

(Delgado-Andrade et al., 2005; Echavarría et al., 2012; Mesías & Delgado-Andrade, 2017).  
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Coffee fractions may contribute in various ways to the overall antioxidant activity of coffee. 

The high antioxidant activity of the high molecular weight fraction (HMWF) from coffee 

brew was attributed to melanoidins to which low molecular weight compounds (e.g., 

phenolic compounds) were bound (Coelho et al., 2014; Delgado-Andrade et al., 2005; 

Moreira et al., 2012). The low molecular weight fraction (LMWF) from coffee brew is in itself 

rich in phenolic compounds that constitute 70% of the overall antioxidant capacity 

(Verzelloni et al., 2011), and the remaining effects are expected to be caused by volatile 

heterocyclic compounds (Perrone et al., 2012). Although the antioxidant activity (e.g., metal 

chelating and radical scavenging activities) of coffee fractions has been widely reported, 

their ability to inhibit lipid oxidation in food systems (e.g., emulsions) has not been 

investigated. Unfortunately, the antioxidant activity is not always a good predictor of their 

efficacy as antioxidants in foods (Decker et al., 2017). This could be due to the complexity 

of food systems where antioxidants can be partitioned at different locations, and therefore 

their properties (reactivity) may vary depending on the nature of the environments present 

(e.g., interactions with other components). 

As mentioned, the effect of chemically active components on lipid oxidation in emulsions 

largely depends on their localization (i.e., in the oil phase, aqueous phase, or at the 

interface). It is widely admitted that lipid oxidation initiates at the oil-water interface 

(Berton-Carabin et al., 2014). Adsorbed emulsifiers with antioxidant potential (interfacial 

antioxidants) may therefore promote good oxidative stability of emulsified lipids through 

various mechanisms, such as free radical scavenging, transition metal chelating, and 

secondary oxidation product binding (McClements & Decker, 2018). On the other hand, 

localization away from the interface may make antioxidants less effective in mitigating the 

previously mentioned effects, but may still contribute through other mechanisms, e.g., 

binding of metal ions, therewith delaying initiation of lipid oxidation (McClements & Decker, 

2018). In fact, there is a large proportion of emulsifiers remaining in the continuous phases, 

and thus the contribution of these non-adsorbed emulsifiers (in particular, proteins) to 

retard lipid oxidation could be substantial (Berton-Carabin et al., 2014).  
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We recently reported the ability of the high molecular weight fraction from coffee brew to 

physically stabilize oil-in-water (O/W) emulsions, with the polysaccharide-rich fraction 

predominantly present at the interface (Chapter 5). Considering their emulsifying 

properties and well-known antioxidant activity, one can assume that certain coffee fractions 

could act as antioxidant emulsifiers. The current research was therefore aimed to assess the 

efficiency of different coffee fractions, either present at the interface or in the continuous 

phase, to stabilize O/W emulsions, with a particular emphasis on their ability to inhibit lipid 

oxidation. To achieve this, different coffee fractions (coffee brew, HMWF, non-defatted 

HMWF, and LMWF) were extracted from dark roasted arabica coffee beans. Then, they 

were either used to make rapeseed oil-in-water (O/W) emulsions, or added to the 

continuous phase of whey protein isolate (WPI)-stabilized emulsions (with minimal excess 

WPI remaining in the continuous phase). The physical and oxidative stability of these 

emulsions were monitored during storage at 40 ̊C. 

6.2 Materials and methods 

6.2.1 Materials 

Dark roasted arabica coffee beans and rapeseed oil were obtained from a local supermarket 

(Wageningen, the Netherlands). Rapeseed oil was stripped with alumina powder (Alumina 

N, Super I, EcoChrome™, MP Biomedicals, France) to remove the surface-active impurities 

and tocopherols (Berton et al., 2011). Whey protein isolate (WPI, 88.11 ± 1.15 wt%, N × 6.25) 

was obtained from Davisco (Lancy, Switzerland). L-ascorbic acid, 1,1-diphenyl-2-picryl-

hydrazyl (DPPH), 3-(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5',5''-disulfonic acid disodium 

salt (ferene), iron(II) sulfate heptahydrate (FeSO4·7H2O), chlorogenic acid (#C3878), caffeic 

acid, p-coumaric, cumene hydroperoxide solution (80%), sodium chloride (NaCl), para-

anisidine and n-hexane were purchased from Sigma-Aldrich (Saint Louis, MO, USA). Glacial 

acetic acid, hydrochloric acid (37%), 2-propanol, 1-butanol ethanol, 

ethylenediaminetetraacetic acid (EDTA), barium chloride dihydrate (BaCl2·2H2O), 

ammonium thiocyanate (NH4SCN), and sodium hydroxide (NaOH) were obtained from 
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Merck Millipore (Merck, Germany). Acetonitrile and methanol were purchased from Carlo 

Erba Reagents (Val de Reuil, France). Dichloromethane was obtained from Actu-All 

Chemicals B.V. (Oss, The Netherlands). Sodium acetate trihydrate was purchased from VMR 

(Radnor, PA, USA). Ferulic acid was obtained from Extrasynthèse (Genay, France). All 

solvents were of at least of analytical grade. Ultrapure water was obtained from a Millipore 

Milli-Q water purification system (Millipore Corporation, Billerica, MA, USA) and used for all 

experiments. 

6.2.2 Preparation of coffee brew 

Roasted coffee beans were ground using a Spex sample Prep 6870 cryogenic mill 

(Minneapolis, Minnesota, US) to pass through a 0.425 mm sieve. The ground coffee was 

defatted using dichloromethane (1:3, w/v) three times. Coffee brew was prepared by 

adding 100 g of the defatted ground coffee to 1200 mL of water at 80 ̊C for 20 min, followed 

by filtering through a filter paper (Whatman 595, Billerica, MA, US). Part of the filtrate was 

freeze-dried and stored at -20 °C before use, and the other part of the filtrate was used for 

further isolation (section 6.2.3).   

6.2.3 Isolation of high molecular weight fraction (HMWF), low molecular weight fraction 

(LMWF), and non-defatted HMWF from coffee brew 

An aliquot of the coffee brew obtained above was subjected to ultrafiltration (10 kDa, 

Amicon® stirred cell, Millipore Co., MA, US). The filtrate was collected and is referred to as 

low molecular weight fraction (LMWF). To the retentate, 100 mL water was added during 

three washing steps, which thus became the high molecular weight fraction (HMWF). The 

HMWF was lyophilized and stored at -20 °C. Non-defatted HMWF was prepared similarly as 

HMWF, except for the defatting step with dichloromethane that was not included.  

6.2.4 Carbohydrate, protein, and phenolic group contents 

The total sugar content of different coffee fractions (coffee brew, HMWF, non-defatted 

HMWF, and LMWF) was measured using the phenol-sulphuric acid method (Nielsen, 2010). 

Nitrogen content was determined using the Dumas method (Interscience Flash EA 1112 

series, Thermo Scientific, Breda, The Netherlands), and protein content was estimated using 
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a nitrogen to protein factor of 5.5 (Bekedam et al., 2006). Phenolic group content was 

evaluated with the Folin-Ciocalteu reagent, using chlorogenic acid as the standard 

(Singleton et al., 1965). 

6.2.5 Analysis of unbound phenolic compounds by liquid chromatography coupled with 

diode array detection and mass spectrometry (LC-DAD-MS) 

Methanol suspensions (for coffee brew and HMWFs) or dilutions (for LMWF) of the coffee 

fractions were sonicated for 30 min, then diluted 2-fold with acidified water (0.1 v% formic 

acid), filtrated on 0.45 μm PTFE filters and finally injected (2 μL) onto the LC-DAD-MS system. 

Separations were performed on a reverse-phase Purospher STAR Hibar HR RP18 end-

capped column (150 mm × 2.1 mm, 3 μm, thermostated at 30 °C, Supelco, Bellefonte, PA, 

USA) in a LC system that is composed of a solvent degasser (SCM1000, Thermo scientific, 

Wathman, MA, USA), a binary high-pressure pump (1100 series, Agilent Technologies, Santa 

Clara, CA, USA) and a Surveyor autosampler thermostated at 4 °C (Thermo Scientific), and 

equipped with a UV-visible photodiode array detector (UV6000 LP, Thermo Scientific) and 

an ion trap mass spectrometer with electrospray ionization source (LCQ Deca, Thermo 

Scientific). The separation of phenolic compounds was performed using a gradient mixture 

of A (0.1 v% formic acid in water) and B (0.1 v% formic acid in acetonitrile) at a flow rate of 

0.2 mL/min. The linear gradient elution steps were: 0–3 min, 3% B; 3–21 min, 7% B; 21–27 

min, 13% B; 27–41 min, 20% B; 41–51 min, 45% B; 51–53 min, 90% B; 53–56 min, 90% B, 

followed by washing and reconditioning of the column. UV-visible detection was performed 

in the 240–600 nm range. MS spectra were acquired in full scan mode with negative 

ionization mode on m/z 50–2000 range. The source parameters were set as follows: spray 

voltage, 4.2 kV; capillary voltage, -41 V; sheath gas, 66 arbitrary units; auxiliary gas, 10 

arbitrary units; capillary temperature: 250 °C. The phenolic compounds were identified by 

comparison of their retention times, UV−vis spectra, and mass spectra with those of the 

standards, and quantified using the UV-visible spectra based on the external standards for 

each class of phenolic compounds. Data were analyzed using Xcalibur software (Thermo 

Scientific). 
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6.2.6 Analysis of covalently bound phenolic compounds 

The covalently bound phenolic compounds were released by alkaline saponification of 

HMWF, non-defatted HMWF, and coffee brew according to the method described by Zhang 

et al., (2019) with some modifications. Briefly, 45 mg of sample was dissolved in 3 mL of 2 

M NaOH solution containing 20 mM EDTA and 2 w/v% ascorbic acid. After incubation at 

30 °C for 1 h, the mixture was adjusted to pH 3.0 with 5 M HCl. The mixture was stored at 

4 °C for 2 h, followed by centrifugation at 4000g and 4 °C for 10 min. The supernatant was 

diluted by two with methanol, filtered with a 0.45 μm PTPE filter and injected (2 μL) into 

the LC-DAD-MS system for analysis as described in section 6.2.5. 

6.2.7 Interfacial activity 

The interfacial tension between the stripped rapeseed oil and different coffee fractions in 

water (0.01 w/v%) was measured with an automated drop volume tensiometer (Tracker, 

Teclis, Longessaigne, France). A rising oil drop (area: 40 mm2 made with a 20-gauge needle) 

was immersed in an aqueous with the component of interest. The interfacial tension (γ) was 

calculated based on the shape of the droplet using the Laplace equation and measured for 

7200 s at 20 ̊C. The results were expressed as surface pressure (π = γ0 – γ), with γ0 the 

interfacial tension between oil and water without any coffee fraction. 

6.2.8 Antioxidant properties 

1,1-Diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging activity of coffee fractions was 

determined according to the method described by Yen & Hsieh (1995) with a few 

modifications. Briefly, 1 mL of fresh DPPH solution (200 µM in ethanol) was added to 1 mL 

of 0.01 w/v% WPI or coffee fraction suspension/solution in water. The mixture was shaken 

at 20 ̊C in the dark for 30 min (Eppendorf ThermoMixer® C, Eppendorf, Hamburg, Germany). 

The absorbance of the reaction mixture (As: 1 mL ethanol, 1 mL sample with 0.01 w/v% 

component) was determined at 517 nm using ethanol as the blank. The scavenged percent 

of DPPH radicals (%) was calculated according to Eq. (6.1). 

DPPH radical scavenging activity (%) =  �1 − �����
��

� × 100%                                                   (6.1) 
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where Ab is the absorbance of the mixture of ethanol (1 mL) and sample (1 mL, 0.01 w/v%), 

and Ac is the absorbance of the mixture of DPPH solution (1 mL) and water (1 mL). 

Iron-chelating capacity was determined using a modified version of (Hennessy et al., 1984). 

In brief, 1 mL of 0.01 w/v% WPI or coffee fraction was mixed with a known amount of 

ferrous iron (1 mL). The mixture was vortexed and left at 20 °C for 24 h, and then separated 

using an ultrafiltration-centrifugation tube with a membrane (cut-off 10 kDa). The filtrate 

obtained (0.5 mL) was added to 1 mL of dissociating agent (containing 0.5 mL of 0.5 M L-

ascorbic acid and 0.5 mL of 1.4 M acetic acid buffer (pH 4.5)) and 0.1 mL of 6 mM ferene 

solution. After 5 min, the absorbance was measured at 593 nm. The quantity of bound iron 

(µg per mg of the sample) was calculated using a mass balance between unbound Fe2+ in 

the filtrate and the initial Fe2+ content. 

6.2.9 Emulsion preparation 

A coarse O/W emulsion containing 10 wt% stripped rapeseed oil and 90 wt% aqueous phase 

(with 2 wt% coffee fractions or WPI) was prepared using a rotor-stator homogenizer (Ultra-

turrax IKA T18 basic, Germany) at 11,000 rpm for 1 min. A M-110Y Microfluidizer (equipped 

with a F12Y interaction chamber, Microfluidics, Massachusetts, USA) was used to further 

break down the coarse oil droplets to fine droplets with five passes at 800 bar. Potassium 

sorbate (0.2 wt%) was added to emulsions to prevent microbial spoilage. Emulsions (2 g 

aliquots) were partitioned in polypropylene tubes (Eppendorf®,15 x 120 mm), which were 

then incubated in the dark at 40 ̊C for 7 days under rotative agitation at 2 rpm (SB3 rotator, 

Stuart, Staffordshire, UK). 

Addition of components. Stock WPI (1 wt%)-stabilized emulsions (20 wt% rapeseed oil) were 

prepared as previously described (Feng et al., 2021). Coffee fractions suspensions, WPI 

solution, or water were added to the stock emulsions to achieve final concentrations of 0.5 

wt% emulsifier, 10 wt% oil, and 0.125-2 w/v% excess compounds (coffee fractions or WPI) 

in the continuous phase. To prevent microbial growth, 0.2 wt% of potassium sorbate was 

added. These emulsions were incubated under the same conditions as described above. 
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6.2.10 Physical properties of emulsions  

The physical properties of emulsions were measured immediately after emulsification and 

at the end of incubation at 40 ̊C. 

The droplet size distribution was determined by static light scattering using a particle size 

analyzer (Mastersizer 3000, Malvern Instruments Ltd., Worcestershire, UK). The optical 

parameters were a dispersed phase refractive index of 1.473, a droplet absorbance of 0.01, 

and a continuous phase refractive index of 1.33. 

Light microscopy (Carl Zeiss Axio Scope A1, Oberkochen, Germany) was used to capture the 

emulsion microstructure. One droplet of the emulsion was placed on a microscopic slide 

and covered with a coverslip. Images were taken at a magnification of 40 ×. 

Surface charge was measured through zeta-potential using a dynamic light scattering 

instrument (Zetasizer Ultra, Malvern Instruments Ltd., Worcestershire, UK). Emulsions were 

diluted 1000-fold in water to prevent multiple scattering. The optical parameters were the 

same as those used for the droplet size distribution measurement. Measurements were 

performed at 20 °C. 

6.2.11 Lipid oxidation 

Lipid oxidation of emulsions was evaluated by determining the primary (lipid 

hydroperoxides) and secondary (aldehydes) oxidation products throughout the incubation 

period. 

Lipid hydroperoxides were measured according to a method reported by Shanta & Decker 

(1994) with some modifications. In short, 0.3 g of emulsion was mixed with 1.5 mL of n-

hexane/2-propanol (3:1, v/v). The mixture was vortexed 3 times for 10 s each, with 20 s 

intervals, followed by centrifugation at 14600 rpm for 2 min. Then, 0.2 mL of the upper 

organic phase was mixed with a 2.8 mL of methanol/1-butanol (2:1, v/v) and 30 µL of 

thiocyanate/ferrous iron solution (1:1, v/v). After 20 min, the absorbance of the sample was 

measured at 510 nm using a DU 720 UV–visible spectrophotometer (Beckman Coulter, 
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Woerden, the Netherlands). The lipid hydroperoxide concentration was calculated using a 

cumene hydroperoxide standard curve. 

Aldehydes were measured through the para-anisidine value (pAV) according to the AOCS 

Official Method CD 18-90 (AOCS, 1998). In brief, 2 g of emulsion was mixed with 5 mL of n-

hexane/2-propanol (3:1, v/v) and 1 mL of saturated sodium chloride solution. The mixture 

was vortexed 3 times for 10s with 20 s intervals and centrifuged at 4000 rpm for 8 min. The 

absorbance of the upper hexane layer (Ab) was measured at 350 nm using hexane as a blank. 

Then, 1 mL of this hexane phase was mixed with 0.2 mL of para-anisidine solution (0.25 w/v% 

in acetic acid). After 10 min, the absorbance (As) was measured at 350 nm using hexane 

with para-anisidine solution as a blank. The pAV (arbitrary units) was calculated according 

to Eq. (6.2): 

𝑝𝑝𝑝𝑝𝑝𝑝 𝑝 𝑝1.2 × 𝐴𝐴� − 𝐴𝐴�
𝑚𝑚  (6.2) 

where m is the mass (g) of oil per mL hexane. 

6.2.12 Statistical analysis 

All analyses were carried out in triplicate on at least two independent samples, and data 

were reported as mean values ± standard deviation. Significance of the results (p < 0.05) 

was determined by one-way analysis of variance (ANOVA) with Tukey’s post-hoc test using 

IBM SPSS statistics software 23.0.0.2 (SPSS Inc, Chicago, Illinois, USA). 

6.3 Results and discussion 

6.3.1 Characterization of coffee fractions 

6.3.1.1 Chemical composition  

The carbohydrate, protein, and phenolic contents of different coffee fractions are listed in 

Table 6.1. The carbohydrate contents of the coffee brew, HMWF, and LMWF were around 

38, 70, and 16 wt%, respectively, which are within the range of values reported in literature 
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(Bekedam et al., 2006; Bekedam, Loots, et al., 2008; Lopes et al., 2016; Oosterveld et al., 

2003; Tagliazucchi & Verzelloni, 2014). The majority of the carbohydrates from coffee brew 

ended up in HMWF (Table 6.1), indicating that coffee brew carbohydrates are mostly 

polysaccharides with a minor fraction of simple sugars and oligosaccharides. Mannose, 

galactose, and arabinose are the most abundant sugar residues in HMWF, which suggests 

that these are the main constituents of polysaccharides in coffee brew and HMWF 

(Bekedam et al., 2006; Nunes & Coimbra, 2001). During coffee roasting, these 

polysaccharides undergo structural changes (e.g., depolymerization, debranching, 

isomerization, and polymerization) and are involved in melanoidin formation (Moreira et 

al., 2014; Simões et al., 2019). The most abundant sugars in LMWF were reported to be 

mannose and galactose (Ludwig, Clifford, et al., 2014). 

The protein contents of the coffee brew, HMWF, and LMWF are 17, 12, and 22 wt%, 

respectively (Table 6.1), which is in line with other studies (Bekedam et al., 2006; Bekedam, 

Roos, et al., 2008). Proteins in green coffee beans undergo denaturation, depolymerization, 

and Maillard reactions during roasting, resulting in compositional and structural changes 

and integration into the polymeric structure of melanoidins (Wei & Tanokura, 2015). 

Coffee brew, HMWF, and LMWF contain ~20, 17, and 32 wt% of phenolic compounds, 

respectively (Table 6.1), which is in line with the findings of Bekedam et al. (2006). 

Potentially, these proportions are overestimated because of interferences with non-

polyphenolic materials, in particular proteins, in the Folin-Ciocalteu assay. Therefore, 

phenolic compounds in their free and bound forms were also analyzed by HPLC-DAD-MS. 

Free phenolic compounds in coffee brew and LMWF were directly analyzed in aqueous 

methanol whereas bound phenolics in HMWF and defatted HMWF were analyzed after 

alkaline hydrolysis (Table 6.2). The main phenolic compounds in coffee fractions were 

chlorogenic acids (CGAs), amongst which the caffeoylquinic acids (CQAs) were present in 

much higher amounts than feruloylquinic acids (FQAs) and dicaffeoylquinic acids (diCQAs), 

which is in agreement with Ludwig, Mena, et al. (2014). As shown in Table 6.2 (detailed data 

can be found in Table S6.1), free CQAs, FQAs, diCQAs, and CQLs were detected in coffee 
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brew and its LMWF, which is consistent with the findings from previous research (Bekedam, 

Roos, et al., 2008). In contrast, no free CGAs were found in HMWFs; during coffee bean 

roasting, a part of the CGAs are degraded into phenol derivatives and bound to melanoidins’ 

backbones (Bekedam, Schols, et al., 2008; Coelho et al., 2014; Silván et al., 2010), which 

cannot pass the ultrafiltration membrane. Thus, covalently bound CGAs were measured 

after the saponification of HMWFs coffee fractions. For these fractions, the release of 

caffeic (CA), ferulic (FA), and p-coumaric (pcoum) acids were observed (Table 6.2), 

suggesting the incorporation of CQAs, diCQAs, FQAs, caffeoylferuloylquinic acids (CFQAs), 

and p-coumaroylquinic acids (pCoQAs) into melanoidins (Perrone et al., 2012). 

Non-defatted HMWF was prepared to investigate if the defatting step affected the 

composition of HMWF. As shown in Table 6.1, this does not seem to be the case since non-

defatted HMWF has a similar amount of carbohydrates, phenolic compounds, and proteins 

compared to the HMWF. 

Table 6.1. Composition of coffee fractions* 

Sample 
Carbohydrates 

(wt%) 

Phenolic compounds 

(wt%)** 

Proteins 

(wt%) 

Coffee brew 37.77 ± 0.64b 20.31 ± 1.02b 17.30 ± 1.25ab 

HMWF 70.82 ± 3.63a 16.94 ± 0.76bc 12.18 ± 1.37b 

Non-defatted HMWF 72.85 ± 1.17a 15.89 ± 1.08c 10.92 ± 0.12b 

LMWF 16.40 ± 0.50c 32.30 ± 1.30a 22.29 ± 4.07a 

* Different letters indicate significant differences (P < 0.05) between samples for each 
component.  

** Chlorogenic acid (CGA) was used as a reference phenolic compound. 
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Table 6.2. Unbound and covalently bound phenolic compounds of coffee fractions (g/100g) 

 
Unbound phenolic compounds Covalently bound phenolic compounds 

Coffee brew LMWF  HMWF Non-defatted HMWF 

total CQAs 2.94 ± 0.14 5.50 ± 0.09  nd nd 

total FQAs 0.83 ± 0.05 1.69 ± 0.02  nd nd 

total diCQAs 0.04 ± 0.00 0.07 ± 0.00  nd nd 

total CQLs 0.42 ±0.03 0.86 ± 0.07  nd nd 

CA nd nd  0.44 ± 0.01 0.43 ± 0.02 

FA nd nd  0.10 ± 0.00 0.10 ± 0.00 

pcoum nd nd  0.01 ± 0.00 0.01 ± 0.00 

nd: not detected; +/- values correspond to standard deviation (n=3). 

6.3.1.2 Interfacial activity 

The interfacial activity of coffee fractions was determined by their time-dependent capacity 

to increase the surface pressure at the oil-water interface and was compared with that of 

WPI, a commonly used emulsifier. As shown in Figure 6.1, all samples showed a rapid 

increase in the surface pressure within the first 400 s, followed by a slower increase. 

However, the surface pressure values obtained with WPI were always higher than those 

obtained with the coffee fractions. Comparing the coffee fractions, HMWF and non-

defatted HMWF led to a higher surface pressure than LMWF, while the surface pressure 

obtained with coffee brew fell in between those obtained with HMWF and LMWF (Figure 

6.1), as expected. 

Whey proteins are known to rapidly diffuse and adsorb at the oil-water interface, thus 

lowering interfacial tension, and in later stages also re-arranging and forming surface films 

(Schröder et al., 2017). HMWF contains amphipathic proteins (e.g., arabinogalactan 

proteins) as part of the melanoidins and these components are also surface-active 

(Redgwell et al., 2005). The majority of compounds in the LMWF are highly polar, and this 
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may imply that surface activity is relatively low, as may be concluded from Figure 6.1. The 

lower surface activity of coffee brew compared to HMWF is a logical combination of the 

effects found for HMWF and LMWF. 

 

Figure 6.1. Surface pressure of WPI and coffee fractions (0.01 w/v%) as a function of time, 

at the stripped oil-water interface, at 20 ̊C. For clarity, one representative curve is shown 

for each sample, but similar results were obtained on independent triplicates. 

6.3.2 Coffee fractions at the interface of emulsions 

6.3.2.1 Physical properties of emulsions 

HMWF from coffee brew (melanoidins) used at concentrations ranging from 0.25 to 4 wt% 

was previously found to be able to physically stabilize O/W emulsions, amongst which the 

2 wt% melanoidin-stabilized emulsions showed the highest physical stability (Chapter 5). 

Here, we tested all coffee fractions at a concentration of 2 wt% for emulsion preparation 

and evaluated their effect on droplet size distribution, microstructure, droplet surface 

charge, and later also lipid oxidation was monitored throughout storage. WPI (2 wt%)-

stabilized emulsions were used as reference emulsions. 
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With the exception of emulsions stabilized with LMWF that underwent creaming and 

subsequent oiling off shortly after homogenization, all other freshly prepared emulsions 

exhibited a nearly monomodal size distribution with a mean droplet size (d3,2) of ~0.1 µm 

(Figure 6.2). The coffee brew-stabilized emulsions showed a small peak at larger sizes due 

to slight flocculation and coalescence (Figures 6.2B & S6.1). Upon 7 days of storage at 40 ̊C, 

WPI-stabilized emulsions remained fully stable (Figure 6.2A), and non-defatted HMWF-

stabilized emulsions remained mostly stable even though a minor tail in the size distribution 

appeared between 1 and 3 µm (Figure 6.2D). Multimodal size distributions were observed 

in emulsions stabilized with coffee brew and HMWF (Figure 6.2 B&C), which was probably 

caused by flocculation and coalescence of droplets (Figure S6.1). Nevertheless, no oiling off 

was detected in all emulsions. 

 

Figure 6.2. Droplet size distribution of emulsions stabilized with WPI (A), coffee brew (B), 

HMWF (C), and non-defatted HMWF (D) freshly prepared (solid line) or after 7 days at 40 ̊C 

(2) (dotted line). For all emulsions, the concentration of the emulsifying ingredient was 2 

wt%. For clarity, one representative curve is shown for each sample, but similar results were 

obtained on independent triplicates. 
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The zeta-potential (Figure 6.3) was measured, and all freshly prepared emulsions had a 

negative charge at around -40 mV, which was expected because both WPI and coffee 

melanoidins are negatively charged at pH higher than the isoelectric point (~5.1 and ~2.5, 

respectively). At the end of storage, the emulsions still had a considerable net charge, with 

significant changes noted (except for coffee brew-stabilized emulsions, Figure 6.3). The 

decrease in zeta-potential for WPI-stabilized emulsions might be related to the surface-

active fatty acids that may be formed upon lipid hydrolysis, or organic acids generated as a 

result of lipid oxidation, or degradation of positively charged amino groups (Chen et al., 

2011; St. Angelo, 1996; Tian et al., 2021). In addition, this decrease could also be related to 

the conformational rearrangements of the whey proteins at the interface, which may lead 

to an exposure of negatively charged amino groups. The increase in zeta-potential for coffee 

fraction-stabilized emulsions is most probably the result of a small decrease in pH which 

reduces the net charge, and this may also favor aggregation of oil droplets (Figures 6.2 & 

S6.1). 

 

Figure 6.3. Zeta-potential of the emulsions freshly prepared or after 7 days at 40 °C. The 

lowercase letter is for comparison among different emulsions. Different letters indicate 

significant differences (P < 0.05). Asterisks indicate a significant difference for the same 

sample between day 0 and day 7. 
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6.3.2.2 Antioxidant activity of coffee fractions 

Coffee components may affect oxidative reactions through various mechanisms including 

scavenging of free radicals and binding of metal ions. Therefore, before analyzing the lipid 

oxidation in emulsions, the antioxidant properties of coffee fractions were assessed and 

compared with those of WPI. As can be seen in Figure 6.4A, WPI exhibited a significantly 

lower DPPH radical scavenging activity than any of the coffee fractions, amongst which non-

defatted HMWF showed the lowest activity. With respect to the iron-chelating activity, all 

coffee fractions were able to bind more iron than WPI (Figure 6.4B), with LMWF having a 

significantly higher capacity than the other fractions (Figure 6.4B).  

 

Figure 6.4. DPPH radical scavenging activity (A) and iron-chelating capacity (B) of WPI and 

different coffee fractions. The lowercase letter is for comparison among the samples. 

Different letters indicate significant differences (P < 0.05). 

For WPI, it has been suggested that the sulfhydryl groups located on the surface of the 

molecules have hydrogen-donating ability (Faraji et al., 2004), whereas the carboxyl groups 

of acidic amino acids (aspartic acid, glutamic acid) might account for metal-chelating ability 

(Kaushik et al., 2016). The antioxidant properties of the HMWF are probably due to the 

melanoidins that contain CGAs. The presence of reductons, enaminol, and o-hydroxyl 

groups in phenolic compounds might explain the strong radical scavenging activity (Borrelli 
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et al., 2002), whereas the catechol moieties from incorporated phenolic compounds and 

the ketone and/or hydroxyl groups of pyranone or pyridone might act as metal chelators 

(Kim et al., 2020; Wang et al., 2011). LMWF is rich in unbound phenolic compounds, 

especially those with catechol moieties (e.g., CQAs, section 3.1) which are effective free 

radical acceptors and metal chelators (Samsonowicz et al., 2019; Troup et al., 2015; 

Verzelloni et al., 2011). In addition, the volatile heterocyclic compounds (e.g., pyrrols, furans, 

and thiophenes) and hydroxybenzenes (e.g., ethylcathecol and pyrogallol) in LMWF may 

contribute to over antioxidant activity (Perrone et al., 2012). 

6.3.2.3 Lipid oxidation in emulsions 

Hydroperoxide concentration (Figure 6.5A) and para-anisidine value (pAV) (Figure 6.5B) 

were used to characterize lipid oxidation in emulsions. WPI-stabilized emulsions showed a 

rapid initial increase in hydroperoxides, followed by a gradual increase until the end of 

storage (Figure 6.5A). Similarly, the pAV of WPI-stabilized emulsions rapidly increased 

within 1 day of storage, after which it remained constant for the rest of the storage period 

(Figure 6.5B). In contrast, the hydroperoxide concentration and pAV of emulsions stabilized 

by coffee fractions were very low during the accelerated storage at 40 ̊C (Figure 6.5 A&B; a 

magnification is therefore shown in Figure 6.5 a&b), indicating that coffee fractions (coffee 

brew, HMWF, and non-defatted HMWF) were highly effective in preventing oxidation of 

emulsified lipids.  

The strong ability of coffee fractions to protect lipids from oxidation can be related to their 

relatively high antioxidant activity (compared to WPI, section 6.3.2.2) and their interfacial 

localization. During storage, trace amounts of pre-existing lipid hydroperoxides (LOOH) 

located at the oil-water interface would decompose into alkoxy radicals (LO•) or peroxyl 

radicals (LOO•) (Laguerre et al., 2020). Some compounds from the adsorbed coffee fractions 

(e.g., phenolic compounds and melanoidins, as discussed in section 6.3.2.2) might act as 

chain-breaking electron donors, which could readily transfer hydrogen atoms to scavenge 

LO• and LOO•, thereby inhibiting lipid oxidation (Morales & Jiménez-Pérez, 2004; Pérez-

Martínez et al., 2010). On the other hand, coffee fractions have metal binding capacity 
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(Figure 6.4B), which prevents metals from initiating radical formation and decomposing 

surface-active LOOH. Both relatively high radical scavenging and iron binding capacities 

seem to be logical explanations for the effectiveness of coffee fractions, whereas the much 

lower values for WPI emulsions point in the opposite direction.  

 

Figure 6.5. Hydroperoxide concentrations (left column) and para-anisidine values (right 

column) in different emulsions over the incubation period (40 °C, 7 days). Top row: all 

emulsions; bottom row: coffee fraction-stabilized emulsions (bottom row graphs show a 

magnification on low values of oxidation markers; please note the difference in Y-axis scales 

between panels A/a and panels B/b). 

Next to the role of the adsorbed fractions, components present in the continuous phase 

may also play an important role in lipid oxidation (Berton-Carabin et al., 2014). For example, 

melanoidins may trap transition metals and free radicals in the continuous phase, and thus 

prevent these aqueous pro-oxidants from getting into contact with labile unsaturated lipids 

in the droplets. To distinguish between these effects, excess coffee material was added to 

the continuous phase of preliminary prepared emulsions, and both physical and oxidative 

stability were monitored.  
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6.3.3 Added coffee materials to the continuous phase of emulsions 

6.3.3.1. Influence of HMWF concentrations on the stability of emulsions 

Stock WPI-stabilized emulsions were prepared with minimal amounts of unadsorbed WPI 

remaining in the continuous phase (Feng et al., 2021), and HMWF suspensions with 

concentrations ranging from 0 to 2 w/v% were added to the emulsion after homogenization. 

Physical stability and lipid oxidation were monitored during storage at 40 ̊C for 4 days. 

All emulsions with added HMWF exhibited bimodal size distributions (Figure 6.6): the peak 

ranging from 0.01 to 1 µm probably corresponds to the emulsion droplets, the second peak 

to aggregated HMWF in the continuous phase. This is supported by (i) the similar particle 

size distribution of the HMWF dispersion (Figure 6.6A, red curve) and (ii) the increased 

intensity of the second peak as HMWF concentration increased (Figure 6.6). No appreciable 

changes in droplet size and microstructure were observed for all emulsions upon storage 

(Figure 6.6 & S6.2), suggesting these emulsions were physically stable. 

 

Figure 6.6. Droplet size distribution of WPI-stabilized emulsions stabilized with 0 (A), 0.125 

(B), 0.25 (C), 0.5 (D), 1 (E), and 2 (F) w/v% HMW coffee melanoidins added to the emulsion 

post-homogenization. For clarity, one representative curve is shown for each sample, but 

similar results were obtained on independent triplicates. 
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As can be seen in Figure 6.7, emulsion droplets had a slightly more negative surface charge 

when the HMWF concentration increased, which may be due to some exchange taking place 

at the interface, leading to more negatively charged ‘compounds’ from HMWF, such as 

uronic acids from arabinogalactans and ferulic acid or caffeic acid moieties from CGAs 

incorporated at the interface (Bekedam, Schols, et al., 2008). The decrease in zeta-potential 

over time (Figure 6.7) can be similarly explained as before by the formation of fatty acids or 

organic acids, or degradation of the positively charged amino groups, or the conformational 

rearrangements of the whey proteins (section 6.3.2.1). 

 

Figure 6.7. Zeta-potential of the WPI-stabilized emulsions supplemented with 0-2 w/v% of 

HMWF freshly prepared or at the end of the incubation period (40 °C, 4 days). 

With respect to lipid oxidation, hydroperoxides and aldehydes developed earlier, faster and 

to a much greater extent in the control emulsion (0 w/v% HMWF) than in the other 

emulsions (supplemented with 0.125 – 2 w/v% HMWF) (Figure 6.8), in which oxidation 

products were formed according to the amount of HMWF added. It is actually challenging 

to compare the effects, since the difference between the curves is highly time-dependent 

(as would be expected for cascaded reactions like lipid oxidation). When taking the final 

concentrations measured, the aldehyde contents were 3.6-, 5.2-, 9.3-, 23- and 31-fold 

higher for the control emulsion than emulsions to which HMWF was added at 0.125, 0.25, 
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0.5, 1, and 2 w/v%, respectively. What is more important to point out is that HMWF was 

highly efficient even at very low concentrations used in the continuous phase. Most 

probably, the free radical scavenging and iron-binding abilities (Figure 6.4A and B) are 

instrumental in creating such positive effects, as also discussed before (Kellerby et al., 2006). 

 

Figure 6.8. Hydroperoxide concentrations (A) and para-anisidine values (B) in WPI-stabilized 

emulsions supplemented with 0-2 w/v% of HMWF, over the incubation period (40 °C, 4 

days).  

6.3.3.2. Influence of coffee fractions on the stability of emulsions 

In the last experiment, the different coffee fractions were added to whey protein-stabilized 

emulsions, post homogenization, to test their capacity to inhibit lipid oxidation at a 

concentration of 0.25 w/v%. Again, no appreciable differences in the physical properties 

(droplet size distribution, microstructures, and zeta-potentials) were observed for all 

emulsions (Figure S6.3 - S6.5). 

With respect to lipid oxidation (Figure 6.9), the presence of added compounds improved 

the oxidative stability of emulsions, although WPI was considerably less effective than 

coffee brew and LMWF, which themselves were less effective than both HMWFs. After 4 

days of storage, the aldehyde concentration was 1.0-, 2.0-, 2.2-, 5.2-, and 5.5-fold higher for 
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the control emulsion than for emulsions containing excess WPI, LMWF, coffee brew, HMWF, 

and non-defatted HMWF (Figure 6.9B). The order of appearance is not in line with radical 

scavenging and iron-chelating activities (Figure 6.4); as a matter of fact, LMWF is highest in 

both, but does not perform best in the prevention of lipid oxidation. The mobility and 

localization of the components in the emulsion systems are probably the keys to 

understanding this. In order to be effective, the antioxidants would need to be placed at the 

interface to prevent the initiation of lipid oxidation. Overall, HMWF components may be 

more likely to bind to the interface than their low molecular weight counterparts (Ćosović 

et al., 2010), as seems to be confirmed by the surface pressure measurements (Figure 6.1); 

In addition, assuming they may locate at the interface, adsorbed HMWFs would be less 

mobile and thus could be more efficient to prevent lipid oxidation by conferring their 

antioxidant moieties a more substantial residence time at the interface, as compared to low 

molecular weight molecules (Schröder et al., 2020). Besides, as discussed in section 6.3.1.1, 

unbound phenolic compounds were recovered in LMWF, and covalently bound phenolic 

compounds were found in HMWF. Unbound phenolic compounds themselves might be 

oxidized by oxygen and transition metals during the storage at 40 ̊C, whereas bound 

phenolic compounds may be protected against oxygen by the large moieties (e.g., 

melanoidin backbones) they are bound to (Xu et al., 2018). In addition, as compared to 

HMWF, LMWF and coffee brew had higher phenolic contents (Table 6.1 and 6.2), which 

may result in a higher amount of phenolic compound-bound Fe3+ (Perron & Brumaghim, 

2009) and higher reducing power that reduces Fe3+ to Fe2+ in emulsions (Tian, Yang, et al., 

2021; Timoshnikov et al., 2020), thereby promoting the formation of free radicals and the 

decomposition of hydroperoxides. Furthermore, the total antioxidant effect of coffee 

fractions can be due to hydrophilic as well as hydrophobic compounds (Liang & Kitts, 2014), 

and thus, depending on the polarity of the media, different compounds might be 

responsible for the tested antioxidant effect. This implies that antioxidants having a high 

response in the iron-chelating or DPPH assay may have a low response in the emulsion 

systems due to partitioning effects. Furthermore, it has been suggested that higher phenolic 

content (Table 6.1) may cause an increase in the amount of associated iron, which may 
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accelerate lipid oxidation (Tian et al., 2021). And obviously, there could still be numerous 

other components at work, resulting in synergism or antagonism of antioxidants (Hwang et 

al., 2019). In spite of this, our finds clearly point to the great potential of coffee fractions to 

control oxidation in emulsion, either as a main emulsifier, or as an add-on to the emulsion 

after its preparation. 

 

Figure 6.9. Hydroperoxide concentrations (A) and para-anisidine values (B) in WPI-stabilized 

emulsions over the incubation period (40 °C, 4 days). 

6.4 Conclusions 

This work demonstrates the great potential of various coffee fractions in the preparation of 

emulsions that are physically as well as oxidatively stable. We explored using various 

fractions as emulsifiers, and as add-ons post emulsification. Especially the high molecular 

weight fraction is able to form emulsions with a nearly monomodal size distribution, and 

keep emulsions chemically stable at 40 °C for 7 days. When added to the emulsion post 

homogenization, all coffee fractions were able to slow down lipid oxidation considerably 

without significantly affecting the physical stability of emulsions, though both HMWFs were 

more effective in retarding lipid oxidation than coffee brew and LMWF.  
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It is expected that a number of effects, such as the antioxidant properties (metal chelating 

and radical scavenging activities) of coffee fractions, the partitioning of antioxidant 

components in the emulsions and the phenolic compounds profile, are responsible for the 

overall effects that we found. Fractionation into different coffee fractions improves the 

techno-functional properties of coffee. Especially from a practical perspective, the high 

molecular weight fraction has a less pronounced coffee flavor than coffee and therefore can 

be a more versatile ingredient than coffee as such. This research showed that coffee 

ingredients could act as multifunctional stabilizers with a wide potential for application in 

dispersed systems (e.g., emulsions) as used in foods, pharmaceutics, and cosmetics. Future 

work is directed toward understanding the contribution of individual components to the 

antioxidant activity of coffee fractions.
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Supplementary materials 

Table S6.1. Detailed unbound and covalently bound phenolic compounds of coffee 
fractions (g/100g). 

RT 
(min) 

λmax 
(nm) [M-H]- Compounds 

Unbound phenolic compounds Covalently bound phenolic 
compounds 

Coffee brew LMWF  HMWF Non-defatted 
HMWF 

11.06 320 353 CQA isomer 0.11 ± 0.01 0.21 ± 0.00  nd nd 

12.98 320 353 CQA isomer 0.62 ± 0.04 1.22 ± 0.00  nd nd 

16.83 320 353 CQA isomer 0.23 ± 0.02 0.39 ± 0.02  nd nd 

17.40 320 353 CQA isomer 0.09 ± 0.01 0.18 ± 0.00  nd nd 

19.18 320 353 5CQA 0.99 ± 0.04 2.06 ± 0.07  nd nd 

20.15 326 367 FQA isomer 0.69 ± 0.04 1.43 ± 0.01  nd nd 

20.15 320 353 CQA isomer 0.69 ± 0.03 1.44 ± 0.00  nd nd 

22.50 320 179 CA nd nd   0.44 ± 0.01 0.43 ± 0.02 

22.83 320 335 CQL isomer 0.03 ± 0.01 0.06 ± 0.00  nd nd 

23.03 320 353 CQA isomer 0.03 ± 0.00 nd  nd nd 

28.85 320 353 CQA isomer 0.19 ± 0.01 nd  nd nd 

29.60 326 367 FQA isomer 0.14 ± 0.01 0.26 ± 0.00  nd nd 

30.70 320 335 CQL isomer 0.04 ± 0.00 0.08 ± 0.01  nd nd 

31.13 320 335 CQL isomer 0.24 ± 0.02 0.45 ± 0.04  nd nd 

31.60 310 163 pcoum nd nd  0.01 ± 0.00 0.01 ± 0.00 

33.71 320 335 CQL isomer 0.11 ± 0.01 0.27 ± 0.03  nd nd 

37.30 320 193 FA nd nd  0.10 ± 0.00 0.10 ± 0.00 

46.51 320 515 diCQA 0.04 ± 0.00 0.07 ± 0.00  nd nd 
RT: retention time; nd: not detected; +/- values correspond to standard deviation (n=3). 
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Figure S6.1. Microscopic pictures of emulsions stabilized with WPI (A), coffee brew (B), 

HMWF (C), and non-defatted HMWF (D) freshly prepared (1) or after 7 days at 40 ̊C (2). 

 

 

Figure S6.2. Microscopic pictures of WPI-stabilized emulsions with 0 (A), 0.125 (B), 0.25 (C), 

0.5 (D), 1 (E), and 2 (F) w/v% of HMWF added to the continuous phase freshly prepared (1) 

or at the end (2) of the incubation period (40 ̊C, 4 days). 
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Figure S6.3. Droplet size distribution of WPI-stabilized emulsions with water (A), WPI (B), 

coffee brew (C), HMWF (D), Non-defatted HMWF (E), and LMWF (F) added to the 

continuous phase post-homogenization. For clarity, one representative curve is shown for 

each sample, but similar results were obtained on independent triplicates. 

 

 

Figure S6.4. Microscopic pictures of WPI-stabilized emulsions with water (A), WPI (B), coffee 

brew (C), HMWF (D), Non-defatted HMWF (E), and LMWF (F) added to the continuous phase 

freshly prepared (1) or at the end (2) of the incubation period (40 ̊C, 4 days). 
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Figure S6.5. Zeta-potential of the WPI-stabilized emulsions freshly prepared or at the end 

of the incubation period (40 ̊C, 4 days). 
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7.1. Introduction 

This thesis focused on the ability of Maillard reaction products (MRPs) that were either 

prepared from model systems or present in foods, to physically and oxidatively stabilize 

food emulsions. In Chapter 2, we summarized literature with respect to interfacial and 

antioxidant properties, on the basis of which we identified MRPs from model systems and 

extracted from food products as two feasible sources for components with dual 

functionality.  

MRPs were first prepared from soy proteins and carbohydrates, and the physicochemical 

properties of various glycated soy proteins were characterized, which led to a 

comprehensive understanding of components (Chapter 3). Glycation of soy proteins with 

dextran led to a substantial increase in the furosine content, but not Nε-(carboxymethyl)-L-

lysine (CML) and Nε-(carboxyethyl)-L-lysine (CEL) contents, indicating that these glycated 

proteins are mainly early-stage MRPs. Glycating soy proteins with glucose, on the other 

hand, significantly increased these contents, showing that the Maillard reaction (MR) 

processed to a more advanced stage. In addition to the compositional changes, thermal 

treatment during the MR also altered the tertiary protein structures and thus the 

hydrophobicity of soy proteins. The interfacial properties can be related to the latter, with 

dextran conjugates showing higher activity than glucose counterparts. 

The potential of the early stage MRPs (glycated soy proteins with dextran) obtained in 

Chapter 3, when present in the continuous phase, to protect emulsified lipids against 

oxidation was investigated in Chapter 4. These MRPs were capable of inhibiting lipid 

oxidation while maintaining the physical stability of emulsions, although the antioxidant 

activity of these MRPs was only slightly higher than that of the non-glycated soy proteins. 

This is a good sign since early-stage MRPs can be induced during some food processing steps, 

and thus contribute to overall antioxidant activity. 

Next, we considered MRPs inherently present in foods. Final stage MRPs melanoidins were 

extracted from dark roasted coffee beans and used as interfacial stabilizers (Chapter 5). 
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Coffee melanoidins were able to reduce the oil-water interfacial tension, induce 

electrostatic repulsion between emulsion droplets, and may form a weak network in the 

continuous phase that contributes to emulsion stability when used at a high enough 

concentration. In addition, we investigated the dual functionality of various coffee fractions 

in emulsions (Chapter 6). Coffee brew and its high molecular fractions with strong metal 

and radical scavenging activity were able to locate at the interface and therefore act as 

efficient interfacial antioxidants. When present in the continuous phase of pre-formed 

emulsions, all coffee fractions (coffee brew, its high- and low-molecular-weight fractions) 

can greatly retard lipid oxidation, possibly due to the presence of strong antioxidants, 

including melanoidins, phenolic compounds, heterocyclic compounds, and 

hydroxybenzenes, etc. 

Combining the findings from this thesis with those of others, here in Chapter 7, we try to 

sum up the elements required at various scales (e.g., from molecular composition, droplet 

properties, to system stability) to thus design of food emulsions. 

This work has shown that MRPs are able to contribute both to the physical and oxidative 

stability of emulsions, and to both effects, they may contribute when present at the 

interface (e.g., layer formation, metal chelation, and radical binding activity) and in the 

continuous phase (network formation, metal chelation, and radical binding activity). The 

various effects are discussed in the next sections and put into the wider perspective of 

stable emulsion design that complies with current consumer demands. 

7.2 What should ideal emulsions look like? 

From different points of view, target emulsions would have different desired attributes. 

Consumers may find food emulsions desired if the products are healthy, nutritional, natural, 

“clean-label” and have pleasurable sensory quality, and of course, low price. Food 

manufacturers would aim for competing for market share and therefore would ensure that 

emulsions have appropriate physicochemical attributes, stability, safety, and high 
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profitability. In the current social context, emulsions should be made in such a way that they 

contribute to a sustainable future. This implies that food professionals should develop 

emulsions with sustainable formulation (e.g., renewable sources) and production (e.g., 

gentle and energy-efficient processing conditions). 

The soy-protein MRPs and coffee melanoidins are of plant origin and would be more 

sustainable than currently used animal-based proteins, and would appear as of natural 

origin on labels. Therewith our components of interest comply with requirements in a multi-

faceted way.   

To provide dual-functionalities (i.e., emulsification and antioxidant activities) in emulsions, 

both purposely produced and extracted MRPs can be used. They hold in common that they 

exhibit surface activity, although the adsorption of MRPs at the oil-water interface could be 

slow due to their high molecular weight and the presence of supramolecular structures. By 

glycating proteins with carbohydrates in model systems, the amphiphilicity of reaction 

products can be tuned by controlling reaction conditions carefully (e.g., type of 

carbohydrate, heating time, and temperature) (Livney, 2012), and thus improve their 

interfacial properties. For melanoidins, control over the reaction is much harder to achieve, 

given the multitude of reactions taking place before reaching the late stages of the Maillard 

reaction. Furthermore, it is expected that various components may form particles with dual 

wettability that contribute to interfacial stabilization. This may be instrumental in 

sustainability since Pickering emulsions can be formed by using a moderately low energy 

input (Roy-Perreault et al., 2005).  

After nesting in the interface, components may undergo conformational changes and form 

an interfacial film that resists the destabilization of the emulsified oil droplets. Protein 

moieties from glycated soy proteins are able to rearrange and reorient at the interface and 

form a viscoelastic layer, and this also holds for galactomannan and arabinogalactan 

proteins from coffee melanoidins. These compounds are able to provide emulsions with 

physical stability mainly through steric and/or electrostatic repulsion. 
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Interestingly, all MRPs exhibit antioxidant activity (e.g., metal chelating and radical 

scavenging abilities). Although this antioxidant activity cannot always predict or directly 

correlate to the actual ability to prevent lipid oxidation (section 7.4), all MRPs contributed 

to the oxidative stability of emulsions, with final stage MRPs exerting stronger effects than 

early and intermediate stage MRPs, as also found by Aljahdali & Carbonero (2019).  

From the thesis, it is clear that two routes can be followed to obtain dual-functional 

emulsifiers (i.e., production from base ingredients or extracting from food, and both have 

their pros and cons. For instance, preparing ingredients on purpose gives higher control 

over the compounds formed and their properties, leading to higher reproducibility, and 

standardization. Extraction from foods holds less reproducibility, may require extensive 

screening, and be more costly, but fits better within the naturalness requirements (Berton-

Carabin et al., 2021). 

The role of continuous phase emulsifiers 

In general, it is accepted that antioxidant emulsifiers when present at the interface are more 

efficient in lowering lipid oxidation than those that remain in the continuous phase. 

However, the importance of the latter should not be neglected as elaborated for both our 

MRPs of interest. In literature, it has been suggested that surface-active lipid 

hydroperoxides might transfer from one droplet to another through the continuous phase 

via diffusion, collision-exchange-separation, and/or micelle-assisted transfer, thus 

propagating oxidation (Laguerre et al., 2017). Unadsorbed antioxidant emulsifiers may be 

able to retard the propagation of lipid oxidation by decomposing hydroperoxides into non-

radical products, and chelation of transition metals in the continuous phase. Furthermore, 

the surplus of emulsion stabilizers that remains in the continuous phase may contribute to 

the physical stability of emulsions. Certain types of conjugated polysaccharides may be able 

to serve as thickening agents or gelling agents to reduce creaming, and the rate at which 

the film between droplets thins, thus preventing coalescence. Besides, high amounts of 

galactomannans from coffee melanoidins in the continuous phase improve the physical 
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stability (gravitational separation and coalescence stability) of emulsions through network 

formation as shown in Chapter 5. 

7.3 Food oil-in-water (O/W) emulsion design 

Notwithstanding that many factors affecting the physicochemical properties and stability of 

emulsions have been identified, the design of emulsions is still not a simple task, mainly due 

to the inherent complexity of emulsion systems and the lack of consistent models and 

databases. This holds even more for the less defined components that we extracted from 

coffee, and that typically occur in plant-derived ingredients (Berton-Carabin & Schroën, 

2019). An approach to make more sense out of these myriad options is through a multiscale 

strategy consisting of molecular, microscopic, and macroscopic levels. Here we propose two 

schemes, i.e., “bottom-up” (from molecular to macroscopic level) and “top-down” (from 

macroscopic to molecular level) approach, for food O/W emulsion design (Figure 7.1). 

7.3.1 “Top-down” approach 

The “top-down” design is a stepwise design that breaks down a system into sub-systems, 

and is more desirable when quantifiable parameters, databases or models are available. 

Quantifiable product characteristics at macro-scale may be appearance, viscosity, and 

physical and chemical stability (Taifouris et al., 2020), which needs to be translated to 

emulsion properties at the microscopic scale, and later to the molecular scale and energy 

input, by using e.g., available engineering equations and databases (Serna et al., 2021). After 

selecting the candidate formulations and processing conditions, they can be experimentally 

verified. The effectiveness of this method is clearly related to the completeness and quality 

of the information in the data- and knowledge bases, which should be continuously 

enriched. 
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Figure 7.1. Design of food O/W emulsions through a multiscale strategy including top-down 

and bottom-up approaches. 

7.3.2 “Bottom-up” approach 

The principle of the “bottom-up” approach is to convert raw materials and energy into 

desired final products that can be used to stabilize emulsions. The actual preparation of the 

emulsion is normally done through a trial-and-error approach, i.e., searching for 

formulations that meet targeted performance. Furthermore, consumer needs also need to 

be considered (Mattei et al., 2012).  
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In an ideal world, the characteristics of molecules (e.g., structures, composition, size, charge, 

polarity, surface properties, and other functionalities) have been analyzed and put in a 

database. What is currently common practice is that once the ingredients with the most 

advantageous characteristics are selected, a design of experiments is carried out to 

investigate how the ingredients (e.g., compositions, concentrations), emulsification process 

(e.g., homogenization device, time), and environments (e.g., pH, ionic strength) affect 

emulsion properties, such as rheology, and appearance. It is clear that this is a laborious, 

expensive, and material-consuming way of working. However, it is good to point out that 

the droplet size (and thus the physical stability) of emulsions could be predicted if the flow 

conditions (homogenizing process) are set and the interfacial tension at similar time scales 

as droplet formation is known (Schroën et al., 2020). The latter might be measured using 

microfluidic devices, which has recently gained much attention, since droplet formation 

(product formulation) and droplet coalescence (product stability) can be studied in one 

energy-efficient device. 

A case study – melanoidin-stabilized emulsions  

The coffee melanoidin-stabilized emulsions in Chapters 5 and 6 are now used to illustrate 

the “bottom-up” emulsion design strategy (Figure 7.2).  

Problem definition. Designing O/W food emulsions with physical and oxidative stability and 

that comply with consumer preferences (natural ingredients). 

Ingredient identification. Emulsifiers that contribute both to physical and oxidative stability. 

Melanoidins from natural sources (e.g., coffee, cocoa, beer, and vinegar) have strong 

antioxidant effect {Formatting Citation} and some are (e.g., from coffee) surface-active 

(D’Agostina et al., 2004; Da Fonseca Selgas Martins et al., 2014; Piazza et al., 2008). 

Rapeseed oil that is high in ω-3 fatty acids was chosen as an oil that is inexpensive and 

healthy, and able to help in elucidating effects on oxidation. Concentrations and emulsifying 

conditions were set based on experimental experience.  
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Figure 7.2. A “bottom-up” multiscale strategy to design coffee melanoidin-stabilized 

emulsions. 

Properties at the microscopic scale. The droplet size and its distribution, surface charge, etc., 

were measured as a function of melanoidin concentration (Figure 7.3), and together with 

microscopic observations showing aggregated oil droplets in emulsions with either low 

(0.25 - 1 wt%) or high melanoidin (4 wt%) concentration, this led to the identification of 2 

wt% of coffee melanoidins as desired for stable emulsion preparation.  

Properties at the macroscopic scale. The formulation with 2 wt% melanoidins could keep 

emulsions physically stable for one month at room temperature and chemically stable 

under accelerated storage conditions (40 °C for at least 7 days).  

It is clear that considerable effort has gone into facilitating knowledge-based design when 

using bottom-up and top-down approaches, and thus, rational design of food emulsion 

products can be made less costly, time- and resource-consuming.  
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Figure 7.3. Droplet size distribution of fresh emulsions stabilized with 0.25-4 wt% coffee 

melanoidins. 

7.4 Methodological considerations 

In this thesis, the antioxidant capacity of MRPs towards unsaturated lipids was evaluated 

both indirectly in single-phase systems, and directly in an O/W emulsion. The indirect 

method, which measures the ability of a substance to scavenge a stable artificial free radical 

or chelate a transition metal in the absence of an oxidizable substrate, is a widely used 

method (Laguerre et al., 2007), which is simple, fast, cheap, and allows direct comparisons 

of results between labs. However, the results obtained via the indirect method do not 

necessarily reflect the actual antioxidant behavior in a two-phase system as an emulsion, 

given the different solubility and chemical reactivity of substrates in different media, and 

different localization of the substrates, as discussed in Chapters 2, 4, and 6. Although the 

direct method is good for fast screening and assessing the involved antioxidant 

mechanism(s), an emulsion experiment would always need to be carried out to confirm this. 

In this study, we chose two of the most used spectrophotometric analyses, the 

hydroperoxide content and the para-anisidine value (pAV), to measure the primary and 

secondary oxidation products. They are simple, reliable, moderately sensitive, and do not 

require expensive equipment. However, the accuracy of the results largely relies on the fat 
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extraction step, because when this step is not done efficiently or consistently, it could 

introduce errors in the determination of oxidation (Daoud et al., 2019). It has recently been 

found in our lab that fat extraction using n-hexane/2-propanol might not be able to 

completely extract lipids from oxidized protein-stabilized O/W emulsions. In this case, an 

improved fat extraction method or alternative analytical technique might be needed. For 

instance, attenuated total reflectance-Fourier transform infrared (ATR-FTIR) combined with 

chemometrics tools, which does not require any sample preparation step (non-destructive) 

and is rapid, accurate, and sensitive, might be an alternative method (Abeyrathne et al., 

2021; Daoud et al., 2019; Zhang et al., 2021). In addition, 1H NMR method is able to provide 

an accurate fingerprint of samples and thus is also a convenient and fast tool to 

simultaneously quantify primary and secondary oxidation products with high sensitivity 

(Barriuso et al., 2013; Merkx et al., 2018). 

To evaluate the extent of the MR in model systems in Chapter 3, we first evaluated the 

degree of glycation by quantifying the free amino group contents before and after the 

glycation via the commonly used o-phthalaldehyde (OPA) method. However, we observed 

an apparent loss in free amino groups in soy proteins (without carbohydrate) upon thermal 

heating. This implies that access to free amino groups may be hindered in protein 

aggregates, and thus prevented from reacting with the reagents, leading to an 

overestimation of the degree of glycation. Therefore, to better understand the systems, we 

measured the content of different MR markers, including furosine, CML, and CEL, by using 

the stable isotope dilution assay coupled with liquid chromatography tandem mass 

spectrometry. Compared to the OPA method, this analytical approach is more accurate and 

sensitive, allowing a comprehensive understanding of different stages of MR. Furthermore, 

lysine content can also be measured using this approach (Troise et al., 2015), thereby 

calculating the degree of glycation more accurately. 
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7.5 Concluding remarks 

Plant-based ingredients have gained great interest in sustainable food formulation in the 

last decade. In line with this, we have demonstrated the promising potential of plant-

derived MRPs as antioxidant emulsifiers in emulsions. This thesis, therefore, has generated 

knowledge not only on new functional ingredients but also on their application in specific 

food products in which they can exhibit a dual functionality that we expect to be relevant 

for industrial applications (e.g., plant-based dairy products, baked goods, etc.). We think 

that the identification of novel functional ingredients from especially food by-products (e.g., 

melanoidins from spent coffee grounds) can be instrumental in contributing to sustainable 

food design. 
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Summary 

Oil-in-water (O/W) emulsions, where oil droplets are dispersed in an aqueous phase, often 

experience various physical and chemical destabilization phenomena, which compromise 

the quality and shelf life of the final products. To achieve acceptable shelf life, emulsifiers 

(e.g., surfactants and animal proteins) and synthetic antioxidants (e.g., 

ethylenediaminetetraacetic acid and butylated hydroxyanisole) are currently used. 

However, over the past decade, sustainable and natural food ingredients have become 

preferred options. This has been a strong incentive for the present work, which has aimed 

at identifying the potential of biobased Maillard reaction products (MRPs) to both physically 

and chemically stabilize emulsions. With this aim, in Chapter 2, we provided an overview of 

existing literature on the interfacial and antioxidant properties of MRPs. On the basis of this, 

we hypothesized that preparing MRPs in model systems and extracting MRPs from food 

products would be two feasible routes to study their dual-function properties.  

Chapters 3 and 4 were designed to study the MRPs prepared in model systems. In Chapter 

3, we characterized the chemical and structural features of various Maillard reaction 

fractions prepared from soy protein isolate (SPI) and carbohydrates (dextran or glucose). 

The free amino group content as measured with o-phthalaldehyde (OPA) method was 

modulated by both protein glycation and conformational changes. Thus, other Maillard 

reaction (MR) markers were used. Conjugation of soy proteins with glucose led to more 

furosine, Nε-(carboxymethyl)-L-lysine, Nε-(carboxyethyl)-L-lysine, and protein-bound 

carbonyl formation, which indicates that the Maillard reaction progressed further with 

glucose than dextran. The surface activity was found to be related to the surface 

hydrophobicity, with SPI-dextran conjugates showing higher activity than SPI-glucose 

conjugates, and water-soluble fractions showing higher activity than insoluble fractions. 

Based on this analysis, a comprehensive understanding of the physicochemical properties 

in each fraction could be obtained. 
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In Chapter 4, we further assessed the ability of initial stage MRPs (SPI-dextran conjugates) 

to prevent lipid oxidation, when added to the continuous phase of pre-formed stock 

emulsions. As controls, whey protein isolate (WPI), SPI, or unreacted SPI/dextran mixture 

were also added to the stock emulsions. The addition of these protein-based compounds 

increased the oxidative stability of emulsions without significantly affecting the physical 

stability of emulsions. The antioxidant capacity in emulsions was, starting from the highest: 

glycated soy proteins ≈ SPI/dextran mixture > SPI > WPI. This implies that the presence of 

soy proteins and dextran had in itself a protective effect. The findings from this chapter 

show that it is possible to engineer oxidatively stable emulsions by adding protein-based 

compounds in the continuous phase, which could therefore reduce the need for synthetic 

antioxidants. 

Chapters 5 and 6 were designed to study MRPs extracted from food (dark roasted coffee). 

Chapter 5 aimed to explore the potential of melanoidins (high molecular weight fractions 

of the coffee brew) to physically stabilize emulsions. Therefore, coffee melanoidin were 

used to prepare emulsions that have a light brown, opaque, and homogeneous appearance 

with a nearly monomodal size distribution. Upon storage at room temperature for 28 days, 

emulsions with low (0.25-1 wt.%) melanoidin concentrations were subject to physical 

destabilization (including creaming, flocculation, and coalescence); emulsions with high (4 

wt.%) melanoidin concentration gradually transformed from a liquid-like state to a gel-like 

structure; emulsions with 2 wt.% melanoidins remained liquid-like and were the most 

physically stable. It was shown by confocal laser scanning microscopy, polarized light 

microscopy, and surface load determination that the polysaccharide-rich fractions from the 

melanoidins were present at the interface. This study shows the promising potential of 

coffee melanoidins as sustainable physical stabilizers of emulsions. 

In Chapter 6, we investigated the dual functionality (i.e., the ability to act both as emulsion 

stabilizers and antioxidants) of coffee melanoidin fractions with different molecular weights. 

When used as emulsifiers, coffee brew and (non-defatted) high molecular weight fraction 

(HMWF) of coffee brew were able to form emulsions that are both physically and oxidatively 
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stable. When added to the continuous phase of the stock WPI-stabilized emulsions, all 

coffee fractions (coffee brew, its HMWF and low molecular weight fraction (LMWF)) were 

able to slow down lipid oxidation considerably without significantly changing the physical 

stability of the stock emulsions. However, HMWFs were more effective in retarding lipid 

oxidation than coffee brew and LMWF, which might be the overall result of various effects, 

including the partitioning of antioxidant components in the emulsions, free and bound 

phenolic compounds, and synergism or antagonism of antioxidants. This chapter shows that 

coffee ingredients can serve as dual-functional stabilizers in emulsions. 

Finally, in Chapter 7, we discussed the main findings of this thesis and proposed a multiscale 

approach (consisting of molecular, microscopic, and macroscopic scale) to achieve the 

design of food emulsions from first principles, which includes “bottom-up” and “top-down” 

schemes. 
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